Digitized  by  the  Internet  Archive 

in  2011  with  funding  from 

University  of  Toronto 


http://www.archive.org/details/bulleti29v36univ 


f 


UNIVERSITY  OF^ILLINOIS 

"I  > 

Engineering  Experiment  Station 


Bulletin  No.  29 


-3Q> 


Januar^  1909 


TESTS  OF  REINFORCED  CONCRETE  BEAMS: 

RESISTANCE  TO  WEB  STRESSES. 

SERIES  OF  1907  AND  1908. 

By  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary 
Engineering  and  in  Charge  of  Theoretical  , 

AND  Applied  Mechanics. 


CONTENTS 

I.      INTRODUCTION 

1.  Scope  of  Bulletin 

2.  Acknowledgment 

3.  Classification  of  Stresses 

4.  Notation 

5.  Resisting  Moment 

6.  Beams  without  Web  Reinforcement:  Bond  Stresses 

7.  Vertical  and  Horizontal  Shearing  Stresses 

8.  Diagonal  Tension  in  Concrete 

9.  Diagonal  Tension  and  Bond  Failures   

10.  Phenomena  of  Beam  Action  with  Bars  Bent  Up 

11.  Web  Reinforcement  by  Vertical  Stirrups 


Page 

3 

4 

4 

5 

6 

7 

8 

10 

11 

12 

18 


2  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

II.       MATERIALS,  TEST  PIECES,    AND  METHOD  OF  TESTING 

12.  Materials 20 

13.  Test  Beams 25 

14.  Making  of  the  Beams   26 

15.  Minor  Test  Pieces 27 

16.  Storage 27 

17.  Method  of  Testing 30 

III.       EXPERIMENTAL  DATA  AND  DISCUSSION 

18.  Explanation  of  Tables 30 

19.  Deflection  Diagrams. : 33 

A.       BEAMS  WITHOUT   WEB    REINFORCEMENT 

20.  Beams  without  Web  Reinforcement 33 

21.  Effect  of  Amount  of  Cement 39 

22.  Effect  of  Age 41 

23.  Relation  to  Strength  of  Auxiliary  Test  Pieces. ...  41 

24.  Effect  of  Amount  of  Reinforcement 45 

25.  Effect   of   Ratio  of  Length  of  Span  to  Depth  of 

Beam 45 

26.  Appearance  of  First  Diagonal  Crack 46 

27.  Value  of  Vertical  Shearing  Stress 46 

B.      BEAMS  WITH   REINFORCING    BARS   BENT  UP 

28.  Beams  with  Reinforcing  Bars  Bent  Up   47 

29.  Phenomena  of  Tests  of  Beams  with  the  Reinforc- 

ing Bars  Bent  Up 47 

30.  Web  Resistance  with  All  Bars  Bent  Up 54 

31.  Web  Resistance  with  Anchored  Bars 58 

32.  Web  Resistance  with  Part  of  the  Bars  Bent  Up  59 

33.  Web  Resistance  of  Cummings'  Reinforcement. ...  59 

C.       BEAMS  WITH    STIRRUPS~r^V 

34.  Beams  with  Stirrups .J^.  .*....  60 

35.  Phenomena  of  Tests ^_^.  ...  61 

3B.     Stresses  in  Stirrups .U*.-  •  /■      •  72 

37.  Comparison  of  Results   i^-Oi  •  2.-^-*'§/^   '^•^ 

38.  Effect  of  Poor  Concrete Vr^'is  \P  ''"^ 

39.  Effect  of  Unsymmetrical  Loading [^l .. —  74 

40.  Proportioning  of  Stirrups 75 

41.  Web  Reinforcement  of  Expanded  Metal 76 

D.       GENERAL  COMMENTS  ON   WEB  RESISTANCE 

42.  (leneral  Comments 76 


TALBOT — TESTS   OF   REINFORCED   CONCRETE   BEAMS 


I.     Introduction. 

1.  Scope  of  Biillet'ui. — Tests  of  reinforced  concrete  beams 
made  in  various  laboratories  have  provided  a  considerable  fund  of 
information  bearing  on  the  part  played  by  the  tensile  resistance 
of  the  longitudinal  reinforcement  and  the  compressive  resistance 
of  the  concrete.  The  data  on  resistance  to  web  stresses  are  less 
definite  and  less  complete.  In  beams  having  a  depth  relatively 
large  in  comparison  with  their  length,  the  resistance  to  web 
stresses  becomes  very  important,  and  diagonal  tension  and  bond 
stresses  may  control  the  strength  of  the  beam.  It  was  with  a 
view  of  obtaining  further  information  on  web  stresses  and  on  the 
part  taken  by  concrete,  bent  reinforcement,  and  stirrups  in  resist- 
ing web  stresses  that  these  series  of  tests  were  undertaken. 

The  tests  were  carried  on  during  the  years  1906-7  and  1907-8. 
Tests  were  made  on  (1)  beams  without  web  reinforcement,  (2) 
beams  with  reinforcing  bars  bent  up  in  various  ways  along  the 
outer  thirds  of  their  length,  and  (3)  beams  with  vertical  U-shaped 
stirrups.  Four  span  lengths  were  used.  Various  amounts  of 
longitudinal  reinforcement  from  1  %  to  2.2  %  were  used.  Tests 
were  made  with  concrete  at  different  ages  with  a  view  of 
determining  the  effect  of  early  removal  of  forms.  Six  mix- 
tures of  concrete  were  used,  ranging  from  very  lean  to  very 
rich.  Compression  tests  of  cubes  and  cross-bending  tests  of  small 
concrete  beams,  called  here  control  beams,  were  made  with  a  view 
of  determining  whether  a  relation  between  the  strength  of  the 
reinforced  concrete  beams  and  the  control  pieces  might  be  found 
which  would  be  useful  as  a  control  test  in  building  construction. 
117  beams  were  made  in  1907  and  71  beams  in  1908.  106  of  these 
were  without  web  reinforcement,  27  had  the  reinforcing  bars  bent 
up  in  one  form  or  another,  and  55  had  stirrups  for  the  web  rein- 
forcement. It  was  found  impossible  to  carry  out  the  tests  exactly 
as  planned,  and  the  data  of  the  tests  do  not  furnish  a  basis  for 
as  definite  conclusions  as  had  been  hoped.  However,  the  tests 
throw  light  on  the  phenomena  of  web  resistance  and  the  results 
have  a  bearing  on  the  principles  of  design.  Reference  may  also 
be  made  to  the  values  of  web  resistance  reported  in  Bulletins  No. 
4  and  No.  14. 
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2.  Acknowledgment. — The  investigations  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois 
as  a  part  of  the  work  of  the  University  of  Illinois  Engineering 
Experiment  Station.  Much  of  the  work  of  making  the  tests  of 
the  beams  was  done  as  thesis  work  by  senior  students  in  civil 
engineering.  The  following  list  gives  the  names  of  the  students 
engaged  in  this  work.  They  are  entitled  to  credit  for  the  care, 
skill,  and  interest  which  they  showed  in  the  work,  as  well  as  for 
the  suggestive  way  in  which  they  discussed  the  results. 
Tests  of  Reinforced  Concrete  Beams. 
Series  of  1907. 

Chester  A.  Foreman,  Carl  James,  Leon  B.  Kinsey.  Resist- 
ance to  web  stresses. 

Frank  Howard  Reynolds.     Effect  of  storage  and  consistency. 

Francis  Cyrus  Bagby,  Augustus  Bacon  Casey.  Modulus  of 
elasticity  for  various  mixtures. 

Edwin  Walker  Buxton.  Effect  of  bending  and  anchoring 
reinforcing  bars. 

William  Hadden  Richardson.     Flexural  strength  of  concrete. 
Series  of  1908. 

Raymond  Clark  Pierce,  Hiram  James  Powers,  Robert  Milton 
Van  Petten.     Resistance  to  web  stresses. 

Arthur  Linn  Bear,  Samuel  Charles  Campbell.  Modulus  of 
elasticity  for  various  ages  and  mixtures. 

Otto  Arthur  Dicke.     Tests  of  flexural  strength  of  concrete. 

The  immediate  supervision  of  the  work  of  making  the  beams 
and  of  the  work  of  conducting  the  tests  was  given  by  D.  A. 
Abrams,  Associate  in  the  Engineering  Experiment  Station. 
Acknowledgment  is  also  made  to  H.  E.  Murdock,  Instructor  in 
Theoretical  and  Applied  Mechanics,  for  assistance  in  the  prepara- 
tion of  this  bulletin. 

8.  Glassliication  of  Stresses. — A  brief  statement  of  the  methods 
of  analysis  and  of  the  formulas  used  in  the  calculations  and  dis- 
cussions given  in  this  bulletin,  so  far  as  is  necessary  to  make 
clear  the  matter  presented,  is  given  in  the  following  pages.  This 
presentation  necessarily  must  be  incomplete,  and  some  of  the 
statements  made  are  given  tentatively  and  are  to  be  taken  with 
limitations.  In  the  discussion  freedom  from  end  restraint  of  any 
kind  is  always  assumed,  and  in  the  tests  care  was  exercised  to 
secure  the  same  condition. 
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In  the  analysis  of  beam  action,  two  classes  of  stresses  are 
considered;  (1)  the  horizontal  or  longitudinal  component  stresses 
(tension  and  compression)  which  are  used  in  the  calculation  of 
the  resisting  moment  of  the  section,  and  (2)  diagonal,  vertical, 
and  horizontal  stresses,  like  shear  and  diagonal  tension  and  dia- 
gonal compression,  which  constitute  what  are  frequently  termed 
web  stresses.  The  first  named  stresses  and  the  resisting  moment 
resulting  therefrom  in  many  cases  measure  the  ability  of  the 
beam  to  carry  the  required  load.  With  reinforced  concrete  beams, 
however,  the  second  type  of  stresses  under  conditions  which  are 
not  unusual,  may  be  the  limiting  element  in  the  strength  of  the 
beam,  and  the  resistance  to  such  stresses  therefore  constitutes  an 
important  feature  of  a  well  designed  beam.  These  web  stresses 
may  include  bond  stress  (resistance  to  slip  of  reinforcing  bar  in 
the  concrete),  shearing  stresses  in  various  directions,  and  tensile 
stresses  and  compressive  stresses  in  directions  other  than  that 
parallel  to  the  axis  of  the -beam.  The  calculation  of  the  amount 
and  distribution  of  the  web  stresses  is  complicated,  and  for  use  in 
design  it  will  be  convenient  to  use  certain  assumptions  and 
approximations.  The  discussion  will  be  made  under  three  heads: 
(1)  Beams  without  Web  Reinforcement.  (2)  Beams  with  Bars  Bent 
Up,  and  (3)  Beams  with  Stirrups. 

4.  Notation. — The  following  notation  will  be  used.  Refer- 
ence may  also  be  made  to  Fig.  1. 

6  =  breadth  of  rectangular  beam. 

d  —  distance  from  the  compression  face  to  the  center  of  the 
metal  reinforcement. 

A  =  area  of  cross  section  of  longitudinal  reinforcement. 

79  =  7—  =  ratio  of  area  of  metal  reinforcement  to  area  of  con- 

hd 

Crete  above  center  of  reinforcement. 
o  =  circumference  or  periphery  of  one  reinforcing  bar. 
m  —  number  of  reinforcing  bars. 
Es=  modulus  of  elasticity  of  steel. 
Eq'=  initial  modulus  of  elasticity  of  concrete  in  compression. 

w 
n  —  —-—  ratio  of  two  moduli. 

f  =  tensile  stress  per  unit  of  area  in  metal  reinforcement. 
c  =  compressive  stress  per  unit  of  area  in  most  remote  fiber 
,  of  concrete. 
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d'  —  distance  from  the  center  of  the  reinforcement  to  center 

of  gravity  of  compressive  stresses. 
./  -   ratio  ct  to  d.     d'  =  jd. 

2  X  ■—  summation  of  horizontal  compressive  stresses. 
M  =  resisting  moment  at  the  given  section. 
s   —  horizontal  tensile  stress  per  unit  of  area  in  the  concrete. 


ix.=/?f 
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Fig.  L     Distribution  of  Stresses  over  Ckoss-section  of  Beam. 


t  —  diagonal  tensile  stress  per  unit  of  area  in  the  concrete. 
%i  —  bond  stress  per  unit  of  area  on  the  surface  of  the  rein- 
forcing bars. 
V  =  vertical  shearing  stress  and   horizontal  shearing  stress 

per  unit  of  area  in  the  concrete. 
5.     Resisting   Moment. — In    the    calculation   of   the    resisting 
moment  of  reinforced  concrete  beams,  it  is  the  usual  practice  to 
neglect  the  tension  in  the  concrete.     At  sections  where  the  bend 
ing  moment  is  a  maximum  this  is  allowable.     With  this  assump- 
tion the  expression  for  the  resisting  moment  (see  Fig.  1)  is 

M  =  Afd'  =  Afjd (13) 

jd  is  here  used  as  the  equal  of  d' .  Its  exact  value  is  to  be  deter- 
mined by  the  methods  given  on  pages  16  and  17  of  Bulletin  No.  4. 
The  value  of./ for  the  beams  discussed  in  this  bulletin  varies  from 
0.80  to  0.88. 

For  sections  nearer  the  point  of  zero  bending  moment  (as  for 
example,  in  simple  beams  near  the  supports),  tension  exists  in 
the  concrete  from  the  neutral  axis  downward  for  some  distance 
and  even  to  the  bottom  of  the  beam.     It  is  evident  that  for  such 
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portions  of  the  beam  the  presence  of  this  tension  should  be  taken 
into  consideration  in  the  discussion  of  web  resistance.  It  is  also 
evident  that  the  formula  for  resisting  moment  given  above,  if 
applied  to  such  portions  of  the  beam,  would  involve  considerable 
error . 

6.  Benms  10 ithout  Weh  Reinforcement:  Bond  Stresses. — In  order 
to  have  beam  action  there  must  be  a  proper  web  connection 
between  the  tension  and  the  compression  portions  of  the  beam. 
When  there  is  no  metallic  web  reinforcement,  the  concrete  acts 
alone  as  this  web.  It  is  clear,  of  course,  that  the  amount  of 
stress  in  the  reinforcing  bars  and  also  in  the  compression  area  of 
the  concrete  varies  from  cross- section  to  cross-section  along  the 
length  of  the  beam.  The  increment  of  tension  and  that  of  com- 
pression gained  between  consecutive  sections  must  be  connected 
by  means  of  this  web;  that  is,  the  increment  in  the  tensile  stress 
in  the  reinforcing  bars  must  be  transferred  to  or  connected  with 
the  increment  of  the  compressive  stress  in  the  concrete. 

In  transmitting  the  increment  of  stress  from  the  reinforcing 
rods  to  the  surrounding  concrete  there  is  developed  a  tendency 
of  the  rods  to  slip  in  the  concrete,  and  the  amount  of  resistance 
to  slip  thus  developed  is  called  bond  and  will  be  measured  in 
terms  of  the  area  of  surface  in  contact  with  the  concrete.  It  will 
be  seen  that  the  total  bond  developed  on  the  surface  of  the 
bars  in  one  inch  of  length  is  equal  to  the  total  change  in  the 
amount  of  tension  in  the  bars  for  the  same  inch  of  length.  Bond 
may  be  compared  to  the  action  of  the  rivets  joining  flange  to  web 
in  a  riveted  steel  girder,  except  that  in  a  reinforced  concrete 
beam  the  contact  is  continuous. 

For  beams  in  which  the  reinforcement  is  horizontal  or  straight 
throughout,  the  formula  for  bond  may  be  derived  as  follows  if  the 
tensile  strength  of  the  concrete  in  resisting  longitudinal  stresses 
is  neglected.  At  any  vertical  section  of  the  beam  the  value  of 
the  resisting  moment  is  given  by  equation  (13)  {M  =  Afd')^  where 
/  is  the  unit  stress  in  the  steel  at  the  section  considered  and  d'  is 
the  distance  from  the  center  of  the  steel  to  the  center  of  com- 

pression  in  the  concrete.      Differentiating  this  equation,  ^  = 

A  ~-  d'.    By  the  principles  of  mechanics  of  beams,  t—  =   T,  where 
dx  dx 
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V  is  the  total  vertical  shear  at  the  given  section  (reaction  at  sup- 
port minus  loads  between  the  support  and  the  section  considered). 
Substituting  and  transposing, 

^  =  i : (16) 

dx         d 

Adf 
Now  tliB  derivative  -y^  expresses  the  rate  of  change  of  the  total 

tensile  stress  in  the  reinforcing  bars  at  the  section  under  consider- 
ation; it  is  given  in  terms  of  a  unit  of  length  of  beam  (pounds  per 
inch  of  length)  and  measures  what  is  transmitted  to  the  concrete 
by  the  bond.  Using  m  as  the  number  of  bars,  o  as  the  efficient 
circumference  or  periphery  of  one  bar,  the  total  surface  of  bars 
for  one  inch  of  length  of  beam  is  mo  and  the  bond  stress  developed 
is  mouy  where  u  represents  the  bond  developed  per  unit  of  area  of 
surface  of  bar.  Equating  this  to  the  value  of  the  derivative  in 
equation  (16)  and  solving, 

u  =    ^ ...(17) 

mod 

Attention  should  be  called  to  the  fact  that  equation  (17)  is 
derived  for  beams  having  the  reinforcing  bars  straight  through- 
out their  length,  that  tension  in  the  concrete  is  neglected,  and 
that  it  must  be  modified  in  case  any  or  all  of  the  bars  are  bent  up. 
If  the  longitudinal  tension  in  the  concrete  is  considered,  as  it  may 
need  to  be  near  the  ends  of  the  beam  it  will  be  found  that  the 
bond  developed  will  be  less  than  given  by  the  formula  if  the  value 
of  /  is  derived  directly  from  the  bending  moment.  In  one  por- 
tion of  the  beam  there  will  be  tension  in  concrete  from  the  neutral 
axis  down  to  the  bottom  of  the  beam;  close  to  this,  tension  will 
exist  for  but  a  short  distance  below  the  neutral  axis.  For  the 
portion  of  the  beam  between  these  two  conditions  the  bond  devel- 
oped will  be  even  more  than  that  given  by  the  formula. 

7.  Vertical  and  Horizontal  Shearing  Stirsses  i?i  Beams  without 
Web  Reinforcement. — It  is  shown  in  the  mechanics  of  beams  that 
there  exists  throughout  a  beam  vertical  and  horizontal  sliearing 
stresses  which  vary  in  intensity,  and  that  at  any  point  in  a  beam 
the  vertical  shearing  unit-stress  is  equal  to  the  horizontal  shear- 
ing unit-stress  there  developed.  As  noted  in  the  discussion  of 
bond,  the  total  tension  in  the  reinforcing  bars  varies  along  the 
length  of  the  beam,  as  does  also  the  total  compressive  stress.    The 
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horizontal  shearing  stress  is  seen  to  be  necessary  in  order  that 
the  increments  or  increase  of  the  total  tensile  stresses  in  the 
reinforcing  bars  (transmitted  to  the  surrounding  concrete  by  the 
bond  stresses),  may  be  transmitted  to  the  corresponding  incre- 
ments of  compression  in  the  compression  area  of  the  concrete. 
The  concrete  thus  forms  the  stiffening  web  of  the  beam. 

The  amount  of  this  horizontal  tensile  stress  so  transmitted 
from  the  reinforcing  bars  per  unit  of  length  of  beam  is  by  equa- 
tion (17)  77?ou=—z  •     Consider   this   distributed  over  a  horizontal 

section  just  above  the  plane  of  the  bars  for  a  unit  of  length  of 
beam,  and  call  the  horizontal  shearing  unit- stress  v.  The  shear- 
ing resistance  per  unit  of  length  of  beam  thus  developed  is  then 
&z;,  and  equating  this  to  mou^ 

-=£' (18) 

This  equation  gives  the  horizontal  shearing  unit-stress,  and 
therefore  also  the  vertical  shearing  unit-stress,  at  a  point  just 
above  the  level  of  the  reinforcing  bars.  As  no  tension  is  here 
considered  as  acting  in  the  concrete,  there  will  be  no  change  in 
the  intensity  of  the  horizontal  and  vertical  shearingTstresses 
between  this  level  and  the  neutral  axis.  Above  the  neutral  axis 
the  intensity  of  the  shearing  stresses  will  decrease  by  the  law  of 
change  of  horizontal  shearing  stresses  for  homogeneous  rec- 
tangular beams  modified  to  suit  any  variation  from  the  straight- 
line  stress-deformation  relation.  The  distribution  of  the  inten- 
sity of  the  horizontal  shearing  stress  over  a  vertical  section  is 
represented  in  Fig.  1  (a). 

As  d'  may  range  from  0.80  c^  to  0.88^  for  the  conditions 
of  the  beams  here  considered,  the  shearing  stress  by  [equation  (18) 
is  from  25%  to  13%  more  than  the  average  shearing  stress  or 
than  that  found  by  considering  the  stress  to  be  uniformly  dis- 
tributed over  a  vertical  section  extending  down  to  the  center  of 
the  reinforcing  rods. 

The  presence  of  longitudinal  tension  in  the  concrete  modifies 
the  distribution  of  the  vertical  shear,  increasing  the  shearing 
stress  at  the  neutral  axis  and  decreasing  it  at  the  level  of  the 
reinforcement.  If  the  total  tension  taken  by  the  concrete  be  esti- 
mated, and  also  the  position  of   the   centroid,    the  proportion  of 
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the  bending  moment  taken  by  the  steel  and  by  the  tensile  stresses 
of  the  concrete  may  be  determined.  If  now  the  total  vertical 
shear  V  be  separated  into  two  parts  which  are  proportional  to 
these  moments,  respectively,  the  part  F'  taken  by  the  steel  may 
be  used  in  equation  (18),  and  the  part  F"  taken  by  the  tension  of 
the  concrete  may  be  used  in  a  similar  way  by  considering  the  dis- 
tance to  the  centroid  of  the  tension  in  the  concrete.  Pig.  1  (b) 
illustrates  the  distribution  of  the  vertical  shear  in  this  case. 

Although  the  presence  of  tension  in  the  concrete  modifies  the 
amount  and  distribution  of  the  shearing  stresses,  equation  (18) 
will  be  used  in  the  discussion  of  the  tests  of  beams  having  the 
bars  straight  throughout,  since  it  is  simpler  to  neglect  the  tension 
and  since  the  results  are  satisfactory  for  the  purpose  of  compar- 
ison. 

8.  Diagonal  Tension  in  Concrete  in  Beams  without  Web  Rein- 
forcement.—In  the  flexure  of  a  beam  various  stresses  are  set  ap 
in  its  web.  Besides  the  bond  and  the  horizontal  and  vertical 
shearing  stresses  already  discussed,  tensile  and  compressive  and 
shearing  stresses  exist  in  every  diagonal  direction.  In  determin- 
ing the  resisting  moment,  only  the  horizontal  components  of  these 
are  taken.  When  there  is  no  metallic  web  reinforcement,  all  the 
diagonal  stresses  are  taken  by  the  concrete.  By  the  analj^sis  of 
combined  shear  and  tension  given  in  text  books  on  resistance  of 
materials,  the  value  of  the  maximum  diagonal  tensile  unit-stress 
is  found  to  be 


t  =  is-i-i/is'-\-ir (19) 

where  t  is  the  diagonal  tensile  unit  stress,  s  is  the  horizontal  ten- 
sile unit- stress  existing  in  the  concrete,  and  v  is  the  horizontal  or 
vertical  shearing  unit-stress.  The  direction  of  this  maximum 
diagonal  tension  makes  an  angle  w^ith  the  horizontal  equal  to  one- 
half  of  the  angle  whose  cotangent  is  i-  - 

If  there  is  no  tension  in  the  concrete  this  reduces  to 

t  =  v (20) 

and  the  maximum  diagonal  tension  makes  an  angle  of  45''  with 
the  horizontal  and  is  equal  in  intensity  to  the  vertical  shearing 
stress  at  that  point. 

It  is  seen  that  the  value  of  the  diagonal  tensile  stress  depends 
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Upon  the  tensile  stress  in  a  horizontal  direction  at  the  given  point 
as  well  as  upon  the  amount  of  the  horizontal  and  vertical  shear- 
ing stresses  there  developed.  If  s  =  0,  t  =  v^  and  the  diagonal 
tension  has  this  value  in  a  direction  45°  from  the  horizontal.  If 
s  =  V,  ^  =  1.62^  and  the  direction  of  the  maximum  stress  makes  an 
angle  of  31°  43'  with  the  horizontal.  If  s  =  2^^,  t  =  2A  v  and  the 
direction  of  the  maximum  stress  is  27°  30'.  It  may  be  said  that 
in  the  ordinary  reinforced  concrete  beam  the  value  of  t  probably 
varies  from  one  to  two  times  v,  the  vertical  shearing  unit- stress. 

It  is  evident  that  the  value  of  the  diagonal  tension  is  gener- 
ally indeterminate.  No  working  formulas  are  available.  For 
this  reason  it  is  the  practice,  now  becoming  nearly  universal,  in 
beams  without  web  reinforcement  to  calculate  the  value  of  the 
vertical  shearing  unit-stress  v^  and  to  use  this  as  the  measure  or 
means  of  comparison  of  the  diagonal  tensile  stress  developed  in 
the  beam;  with  the  understanding,  of  course,  that  the  actual  di- 
agonal tension  is  considerably  greater  than  the  vertical  shearing 
stress.  It  will  be  found  that  the  value  of  v  developed  in  beams 
will  vary  with  the  amount  of  reinforcement,  with  the  relative 
length  of  the  beam,  and  with  other  factors  which  affect  the  stiif- 
ness  of  the  beam. 

9.  Diagonal  Tension  and  Bond  Failures  in  Beams  without  Web 
ReinforceTiaent. — It  is  evident  that  the  tensile  strength  of  the  con- 
ci  ete  may  limit  the  strength  of  a  reinforced  concrete  beam  and 
that  under  certain  conditions  diagonal  tension  may  be  the  cause 
of  failure.  These  failures  will  occur  in  the  outer  parts  of  the 
length  of  the  beam.  The  difference  between  the  condition  of  ten- 
sion in  the  concrete  at  this  portion  of  the  beam  and  that  at  the 
points  of  maximum  bending  moment  should  be  noted.  In  the  lat- 
ter place  the  concrete  will  have  failed  in  tension  from  the  bottom 
of  the  beam  to  some  point  not  far  below  the  neutral  axis,  and 
under  this  condition  tension  in  the  concrete  has  little  effect  upon 
the  resisting  moment.  This  section  is  likely  to  be  at  a  point  in 
the  beam  where  the  shearing  stresses  are  low.  Failure  by  di- 
agonal tension  comes  at  a  point  in  the  beam  where  the  longitu- 
dinal tensile  stresses  are  less  and  the  vertical  shearing  stresses 
are  greater.  The  tensile  strength  of  the  concrete  in  beams  with- 
out web  reinforcement  forms  the  principal  source  of  resistance  to 
diagonal  tension. 
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Failure  by  diagonal  tension  (commonly  called  shear  failure) 
generally  starts  from  a  tension  crack  which  has  formed  at  the 
bottom  of  the  beam  and  extended  to  the  level  of  the  reinforce- 
ment or  to  a  point  somewhat  above.  This  crack  then  branches 
in  a  diagonal  direction,  running  in  a  direction  away  from  the  sup- 
port. If  the  diagonal  crack  starts  from  a  point  some  distance 
above  the  level  of  the  reinforcement,  as  it  may  in  a  deep  beam,  it 
will  also  run  diagonally  downward  in  the  prolongation  of  the  gen- 
eral diagonal  line.  Failure  by  diagonal  tension  is  generally  sud- 
den, as  is  the  case  when  concrete  is  tested  in  tension  and  as  is 
found  in  tests  of  unreinforced  concrete  beams.  A  variation  from 
this  is  found  when  part  of  the  shear  is  carried  forward  by  the 
stiffness  of  the  rods,  and  the  failure  is  slower  and  progressive. 
Fig.  2  gives  typical  representations  of  a  failure  by  diagonal  ten- 
sion in  beams  having  all  the  bars  straight.  In  the  second  case 
the  reinforcing  bars  are  finally  split  off  from  the  concrete  above. 


Fig.  2.    PosrnoN  of  Cracks  in  Diagonal  Tension  Failures. 


10.  PJienoincna  of  Beam  Action  with  Bars  Bent  Up. — When  bars 
are  bent  up  in  the  outer  portion  of  the  beam  length,  the  distribu- 
tion and  the  amount  of  the  shearing  stresses  and  bond  stresses 
are  materially  different  from  the  foregoing.  The  analysis  of  the 
stresses  becomes  more  complex;  a  determination  of  their  actual 
value  is  impracticable.  However,  a  study  of  the  phenomena  of 
failure  and  of  the  conditions  which  exist  and  of  their  variation 
from  tlie  conditions  ordinarily  assumed  in  the  analysis  of  beams 
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with  all  bars  horizontal,  will  serve  a  useful  purpose.  Com- 
parisons may  be  made  by  means  of  the  formulas  for  bond,  shear, 
and  diagonal  tension  already  referred  to. 

The  case  where  all  bars  are  bent  up  at  the  same  point  will 
rst  be  taken  up.  Assume  the  method  of  loading  used  in  the 
tests,  that  of  placing  the  loads  at  the  one-third  points  of  the  span 
length.  In  Fig.  3  (a),  G  is  the  support  and  F  the  load  point  where 
one  half  of  the  load  is  applied.  Take  any  section  AB  at  some 
point  between  the  support  and  the  load  point.  If  we  assume  that 
the  ordinary  conditions  of  beam  action  exist,  it  will  be  seen  that 
the  concrete  will  break  in  tension  from  some  point  B  at  the  bot- 
tom of  the  beam  up  to  C,  and  with  an  increase  of  the  load  applied 
and  with  the  increased  tension  and  stretch  in  the  reinforcing  bar 
this  tension  crack  will  extend  upward.  With  the  method  of  load- 
ing assumed,  neglecting  the  influence  of  the  weight  of  the  beam, 
the  bending  moment  will  increase  uniformly  from  the  support  to 
the  load  point,  being  zero  at  G  and  a  maximum  at  the  section 
through  F.  For  a  beam  having  the  reinforcement  straight 
throughout,  the  common  assumption  of  beam  action  would  show 
the  stress  in  the  reinforcement  to  be  decreasing  uniformly  from 
the  load  point  to  the  support,  changing  from  a  maximum  at  the 
section  through  F  to  a  zero  stress  at  G. 

With  the  bars  bent  up  a  different  distribution  of  the  stresses 
exists.  We  may  obtain  an  idea  of  the  stress  at  an  intermediate 
point  C,  if  we  neglect  tension  in  the  concrete,  by  considering  d 
as  the  distance  from  A  to  G,  substituting  in  equation  (13),  p.  6, 
and  multiplying  the  resulting  value  by  sec  a,  where  «  is  the  angle 
which  the  reinforcing  bar  makes  with  the  horizontal  at  the  given 
point  C.  It  is  apparent  that  the  stress  in  the  reinforcement  at 
C  must  be  considerably  greater  than  when  the  reinforcing  bars 
are  straight  throughout.  It  is  even  conceivable,  if  the  ordinary 
assumptions  held,  that  the  stress  in  the  bars  might  be  nearly 
constant  to  the  end  of  the  bar,  as  would  be  the  case  in  a  para- 
bolic truss.  This  can  not  be  the  case  in  a  reinforced  concrete 
beam,  however,  for  the  tensile  strength  of  the  concrete  at  the 
bottom  of  the  beam  operates  to  take  the  greater  part  of  the  ten- 
sion which  goes  to  make  up  the  bending  moment  for  sections 
toward  the  end  of  the  beam;  and  besides,  the  variation  from  beam 
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action  near  the  end  of  the  beam  (due  to  the  distribution  of  the 
upward  pressure  from  the  support  in  an  oblique  direction  and  to  the 
existence  of  arch  action)  changes  the  stress  distribution  in  sec- 
tions near  the  end  of  the  beam.  This  much  is  brought  out,  how- 
ever, that  if  the  tensile  stress  in  the  steel  remained  uniform  to 
the  end  of  the  bar,  the  bond  stress  required  at  the  end  of  the 
bar  would  be  enormous. 

\/7  \/^  \r  ' 


Fig.  3.    Diagonal  Tension  Failure  in  Beams  with  All  Bars  Bent  Up. 

The  presence  of  tensile  strength  in  the  concrete  makes  the 
above  condition  an  impossible  one;  high  bond  stresses  must  also 
exist  at  certain  points.  Consider  that  at  the  section  through  C 
the  concrete  has  failed  in  tension  below  the  bar  and  that  at  some 
section  nearer  the  support  the  tensile  strength  of  the  concrete  is 
effective  down  to  the  bottom  of  the  beam.  It  is  evident  that  at 
the  latter  section  the  stress  in  the  bar  must  be  relatively  small 
(since  it  is  here  so  close  to  the  neutral  axis  of  the  beam).  The 
change  in  stress  in  the  bar  between  the  two  sections  must  then 
be  considerable  and  hence  the  bond  developed  on  the  surface  of  the 
bar  will  be  very  great,  much  greater  than  is  given  by  the  formu- 
las as  ordinarily  applied.  Of  course,  it  is  probable  that  under 
the  actual  conditions  of  stress  the  cross-section  of  the  beam  will 
become  distorted  and  a  plane  section  before  bending  will  not 
remain  a  plane  section  after  bending;  this  adds  to  the  indetermin- 
ateness  of  the  phenomena. 

It  is  evident  that  any  modification  of  the  distribution  of  the 
tensile  stress  throughout  the  length  of  the  reinforcing  bar  and  of 
the  bond  between  the  steel  and  concrete  at  different  cross-sections 
must  be  accompanied  with  a  change  in  the  amount  and  distribu- 
tion of  shearing  stresses  and  diagonal  tension.  Where  the  bond 
stress  is  small,  the  shearing  unit-stress  will  be  low,  and  any  con- 
dition which  increases  the  bond  stress  must  also  increase  the 
shearing  stress  and  hence  also  the  diagonal  tension. 
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With  the  reinforcing  bar  in  a  diagonal  direction,  part  of  the 
diagonal  tension  will  be  taken  by  the  bar.  On  the  other  hand,  the 
formation  of  a  vertical  crack,  as  at  C  in  Fig.  3  (b),  gives  oppor- 
tunity for  the  starting  of  a  diagonal  crack,  and  the  diagonal  crack 
is  likely  to  form  from  such  main  vertical  cracks.  Whether  bond 
or  diagonal  tension  will  be  the  ultimate  cause  of  failure  is,  then,  a 
subject  for  investigation.  Another  condition  which  enters  into 
the  action  of  bars  with  reinforcement  bent  up  in  this  way  is  the 
effect  of  the  sudden  change  in  stiffness  at  the  point  C  after  the 
vertical  and  diagonal  crack  has  formed  to  and  beyond  C.  It  will 
be  seen  in  Fig.  3  (c)  that  the  portion  of  the  beam  to  the  left  of  C 
is  stiffer  than  that  at  C,  and  with  increase  of  bending  at  C  a  ten- 
dency to  split  the  concrete  exists.  As  a  result  the  concrete  may 
split  along  the  reinforcing  bar  from  C  to  E  as  shown  in  the  figure, 
and  this  may  be  the  manner  of  failure. 

When  part  of  the  bars  are  bent  up  and  part  remain  straight, 
the  stresses  are  distributed  in  still  another  way.  In  Fig.  4  (a) 
consider  that  part  of  the  bars  (say  one-half)  are  bent  up  along  IK, 
and  that  the  remainder  run  straight  toward  or  past  the  support  G. 
Consider  that  at  the  section  FH  both  sets  of  bars  are  at  the  same 
level  and  that  they  have  the  same  tensile  stress.  Away  from  I 
toward  the  end  of  the  beam,  the  tensile  stress  in  the  upper  bars 
will  be  less  than  that  in  the  lower  group.  If  we  assume  that  a 
plane  section  before  bending  remains  a  plane  section  after 
bending  the  relative  deformation  in  the  two  sets  of  bars  at 
the  section  AB  may  be  represented  as  at  (b)  in  Fig.  4.  Like- 
wise,   the   ratio   of   the    tensile    stresses   developed    at    C    and 

B  (shown  at  (c))  may  be  represented  by  ^  =  -- ,    where  /"  and  /' 

are  the  tensile  unit-stresses  in  the  bars  at  C  and  B,  respectively, 
and  y"  and  y'  are  the  distances  shown  in  the  diagram.  It  appears, 
then,  that  the  stress  in  the  rod  at  B  must  take  the  greater  part  of 
the  bending  moment  and  hence  that  the  stress  in  the  bar  at  B 
will  be  correspondingly  greater  than  that  in  the  bar  at  C.  As 
the  tensile  stress  in  the  bent  rod  has  decreased  a  relatively  large 
amount  between  the  points  I  and  C,  the  bond  stress  developed  in 
this  portion  of  its  length  must  be  higher  than  given  by  the  ordi- 
nary equation  for  bond  stress;  and  from  C  to  K  the  bond  stress 
must  be  correspondingly  less  than  the  calculated  value.     In  the 
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lower  bars  the  stress  at  B  may  not  be  much  less  than  at  I,  since 
at  B  it  is  taking  the  larger  part  of  the  bending  moment,  and  hence 
the  bond  stress  developed  in  the  portion  IB  will  be  less  than  that 
found  by  the  formula,  while  beyond  B  and  toward  G  the  decrease 
in  stress  will  be  rapid  and  the  bond  stress  developed  will  be  cor- 
respondingly greater.  Again  it  may  be  noted  that  the  assumption 
that  a  plane  section  before  bending  remains  a  plane  section  after 
bending  evidently  is  not  exactly  true,  and  the  distortion  which 
takes  place  in  the  concrete  adds  to  the  difiiculties  of  determining 


• 

/I 

OF 

K 

X          \ 

^v, 

^ 

\( 

\ 

1 

^-^       H                 \ 

\ 

.    G 

B 

Co) 

Fig.  4.    Diagonal  Tension  Failure  in  Beams  with  Part  of  the  Bars 

Bent  Up. 


the  stresses.  Fig.  4  (d)  may  be  taken  as  illustrative  of  the  change 
in /in  the  two  sets  of  bars  between  the  load  point  and  the  sup- 
port under  the  assumption  that  ordinary  beam  action  prevails, 
and  Pig.  -i  (e)  as  representative  of  the  stresses  with  the  conditions 
of  distortion  prevailing. 

It  would  seem,  then,  that  the  bending  up  of  the  bars  results 
in  greater  vertical  shearing  stresses  between  I  and  C,  and  that  a 
large  part  of  the  diagonal  tension  developed  here  will  betaken  by 
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the  bent  reinforcement;  and  also  that  in  the  lower  set  there  is  less 
bond  developed  between  I  and  B  and  hence  that  the  diagonal  ten- 
sion throughout  this  portion  is  less  than  might  otherwise  be 
expected.  If,  now,  another  part  of  the  bars  were  bent  up  at  B  a  con- 
dition would  be  developed  similar  to  that  in  IC.  It  is  evident  that 
it  is  not  eas3^  to  determine  the  distribution  of  the  diagonal  stresses 
among  the  several  bars,  and  this  is  especially  true  if  they  are  not 
rigidly  connected  with  each  other. 

When  the  main  reinforcing  bars  run  straight  through  the  beam 
and  diagonal  reinforcement  is  fastened  to  them,  or  where  a  part 
of  the  bar  is  sheared  and  bent  up,  as  in  the  Kahn  bar,  still 
another  condition  exists.  Here  the  conditions  of  tensile  stresses  in 
the  main  reinforcing  bars  approximate  those  given  by  the  ordi- 
nary beam  assumptions  and  formulas,  (modified  for  tension  in  the 
concrete),  if  the  amount  of  metal  is  uniform  or  nearly  uniform 
throughout  the  length  of  the  beam.  Most  of  the  diagonal  tension 
may  be  considered  finally  to  be  taken  by  the  diagonal  reinforce- 
ment, if  its  sectional  area  and  bond  resistance  are  sufficient  and  if 
the  diagonals  are  properly  distributed  in  the  beam.  Use  Fas  the 
amount  of  total  vertical  shear  at  the  given  section  which  is  con- 
sidered to  be  carried  through  the  diagonal  reinforcement.  The 
proportion  which  this  V  bears  to  the  actual  total  vertical  shear 
at  the  given  section  may  not  be  known  and  possibly  may  have  to 
be  estimated  from  our  knowledge  of  the  results  of  tests.  When 
the  diagonals  make  an  angle  of  45°  with  the  horizontal,  the  assump- 
tion that  the  direction  of  the  resulting  diagonal  compressive  stress 
is  at  an  angle  of  45°  with  the  horizontal  will  not  result  in  material 
error,  particularly  if  the  bars  are  bent  up  at  intervals  longitudi- 
nally equal  to  d'  or  i  d' .  For  these  conditions  the  amount  of  the 
diagonal  stress  finally  taken  by  the  diagonal  reinforcement  may 

Vet 
be  estimated  to  be  0.707  -rr  '  where  a  is  the  distance  longitudinally 

ct 

between  diagonals.  This  is  with  the  provision,  of  course,  that 
the  diagonals  are  sufficiently  close  together  and  that  they  are 
securely  fastened  to  the  longitudinal  bars. 

Generally  speaking,  then,  the  distribution  of  web  stresses  in 
beams  with  bars  bent  up  is  more  or  less  indeterminate.  A  special 
study  of  the  stresses  may  be  made  for  any  given  arrangement  of 
bars,  and  recourse  must  be  had  to  experimental  results  for  each 
case.  In  this  bulletin  instead  of  attempting  to  calculate  the  act- 
ual stresses,  the  values  given  in  the  tables  and  in  the  discussion 
will  be  those  obtained  by  equations  (17)  and  (18),  using  for  d  the 
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full  depth  from  the  top  of  the  beam  to  the  reinforcement  as  it  ex- 
ists at  the  middle  of  the  beam;  and  the  values  so  found  will  be 
termed  the  nominal  shearing  stress  and  the  nominal  bond.  These 
nominal  values  will  be  used  in  comparison  of  results  obtained 
with  the  different  arrangements  of  bars,  but  it  must  be  expressly 
understood  that  they  do  not  represent  actual  stresses  in  the  rein- 
forcement or  in  the  concrete. 

11.  Web  Reinforcement  by  Vertical  Stirrups. — The  use  of  ver- 
tical stirrups  to  take  a  part  or  all  of  the  vertical  component  of  the 
web  stresses  is  quite  common.  These  stirrups  are  U-shaped  or 
looped  and  enclose  the  longitudinal  reinforcement  and  generally 
are  not  fastened  to  it.  The  following  assumed  conditions  will  be 
discussed  in  order:  (1)  the  assumption  that  all  the  vertical  com- 
ponent is  taken  by  the  stirrups;  (2)  the  condition  which  exists 
before  the  concrete  fails  in  diagonal  tension;  and  (3)  the  conditions 
probably  existing  after  the  concrete  has  so  failed. 

(1).  In  Fig.  5  (a),  the  spacing  of  the  stirrups  is  given  as  a. 
If  a  diagonal  crack  has  formed,  the  condition  shown  in  Fig.  5  (b) 
may  exist.  Following  the  line  of  reasoning  used  in  establishing 
equation  (18),  p.  9,  and  assuming  that  the  diagonal  compressive 
stress  makes  an  angle  of  45°  with  the  horizontal  whatever  may  be 
the  spacing  of  the  stirrups,  the  vertical  component  to  be  taken  by 

the  stirrups  per  unit  of  length  of  beam  is  seen  to  be  -p .      The  total 

stress  taken  by  one  stirrup  then  is 

Va 
P^^    (21) 

It  is  assumed  that  enough  vertical  deformation  has  taken  place 
to  develop  this  stress,  and  that  the  stirrups  are  close  enough 
together  to  make  this  form  of  reinforcement  effective.  It  will  be 
seen  that  the  assumed  action  corresponds  in  some  ways  with  the 
action  of  a  truss  having  the  line  of  the  upper  chord  at  the  centroid 
of  the  compressive  stresses. 

(2).  Until  the  concrete  web  has  failed  in  diagonal  tension  and 
diagonal  cracks  have  formed  there  must  be  little  vertical  deforma- 
tion at  the  plane  of  the  stirrups,  so  little  that  not  much  stress  can 
have  developed  in  the  stirrups.  Besides,  at  this  stage  the  diag- 
onal tension  must  be  expected  to  be  distributed  along  the  length 
of  the  beam  and  not  to  be  concentrated  at  the  stirrups.  It  is  evi- 
dent, then,  that  until  the  concrete  web  fails  in  diagonal  tension 
little  stress  is  taken  by  the  stirrups. 
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(3).  After  the  diagonal  cracks  have  formed,  the  lower  part 
of  the  concrete  web  becomes  ineffective  in  resisting  diagonal  ten- 
sion. The  stress  may  be  considered  as  delivered  to  the  stirrup  at 
B  in  Fig.  5  (b)  through  the  cantilever  projection  C  B'  E.  There 
is  still  integrity  of  structure  in  the  upper  portion  of  the  section 
CD  or  C'D',  and  since  there  is  not  freedom  of  movement  at  the 
compression  centroid  it  seems  reasonable  to  consider  that  not 
the  full  effect  is  transmitted  through  the  cantilever  portion  C'B'E 
to  B.  The  experiments  seem  to  confirm  this  view.  It  will  be  con- 
venient in  the  general  discussion  to  consider  that  part  of  the  ver- 
tical shear  V  is  carried  down  through  the  cantilever  C'B'E  to 
B,   and  part  passes  through  the  compression  portion. 


Fig.  5.    Action  of  Forces  in  Beams  with  Stirrups. 
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However,  as  the  proportion  taken  by  the  stirrups  is  unknown, 
it  will  be  assumed  in  the  calculations  in  this  bulletin  that  all  of 
the  shear  is  taken  by  the  stirrups.  This  use  of  equation  (21)  is 
somewhat  empirical,  but  it  makes  a  common  basis  of  comparison. 

The  distribution  of  bond  stresses  developed  on  the  surface  of 
the  stirrups  is  indeterminate.  Evidently  it  must  not  be  expected 
that  tension  will  be  transferred  to  the  concrete  until  the  compres- 
sion area  of  the  beam  is  reached,  or  until  a  point  but  little  below 
is  reached.  In  the  calculation  for  bond  in  stirrups  in  this  bulletin, 
the  bond  surface  of  the  stirrups  for  a  depth  of  beam  equal  to  0.6  fZ 
will  be  arbitrarily  assumed. 

II.    Materials,  Test  Pieces,  and  Method  of  Testing. 

12.  Materials. — The  materials  used  in  making  the  test  beams 
were  similar  to  those  used  in  the  reinforced  concrete  beams 
described  in  Bulletin  No.  4  and  Bulletin  No.  14;  they  may  be  con- 
sidered to  be  representative  of  the  best  materials  used  for  this 
class  of  work  in  this  section  of  the  country.  The  stone,  sand,  and 
much  of  the  cement  were  bought  in  the  open  market.  The  Uni- 
versal Portland  cement,  used  in  some  of  the  beams,  was  furnished 
by  the  makers.  The  mild  steel  rods  used  for  reinforcement  were 
furnished  by  the  Illinois  Steel  Co.  The  corrugated  bars  were 
supplied  by  the  St.  Louis  Expanded  Metal  and  Corrugated  Bar 

TABLE  1. 

Mechanical  Analysis  of  Stone. 

Series  of  1908. 


Size  of      I 


Per  cent 


1 
i 

§ 
i 


100 
93 
64 
41 
22 
4 
2 


Co.  A  form  of  reinforcement  known  as  the  Cummings'  unit  frame 
was  furnished  by  Mr.  Robert  Cummings  of  Pittsburg,  Pennsyl- 
vania. 
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TABLE  2. 
Mechanical  Analysis  of  Sand. 


Sieve 
No. 


Separation 

Size 

inches 


Per  cent  Passing 


1907 


1908 


3 

98 

5 

.174 

100 

87 

10 

.091 

81 

63 

18 

.043 

53 

37 

30 

.027 

35 

20 

40 

.019 

24 

11 

50 

.013 

14 

4 

74 

.009 

7 

2 

150 

2 

1 

TABLE   3. 

Tensile  Strength  of  Cement. 


Ultimate  Strength,  lb.  per  sq.  in. 

Ref 

Chicago  AA  Cement 

1         Universal  Cement 

No. 

Aae  7  days 

Age  28  days 

1    Age  7  days 

Age  28  days 

Neat     1-3   |  Neat     1-3 

1  Neat 

1-3 

Neat  1   1-3 

Series  of  1907 

1 

786 

230 

811 

265 

410 

187 

680 

370 

2 

683 

145 

851 

235 

470 

200 

670 

330 

3 

760 

218 

861 

225 

360 

120 

560 

360 

4 

786 

186 

760 

270 

405 

145 

570 

290 

5 

866 

215 

965 

265 

320 

195 

600 

295 

6 

815 

211 

935 

287 

310 

180 

620 

310 

Av. 

783 

201 

864 

258  { 

379 

171 

617 

326 

Series  of  1908 

1 

559 

145 

707 

247 

565 

244 

764 

319 

2 

732 

192 

857 

318 

809 

248 

885 

336 

3 

665 

175 

779 

266 

728 

232 

776 

285 

4 

811 

227 

833 

307 

699 

242 

754 

292 

5 

666 

182 

792 

284 

702 

229 

763 

315 

6 

693 

191 

781 

283 

7 

719 

206 

767 

303 

Av. 


692 


188 


788 


287 


701 


239 


309 


These  tests  were  made  with  standard  Ottawa  sand.  Tests  from  one  sample  of  the  1908 
cement  on  briquettes  made  with  natural  sand  gave  a  higher  strength  than  did  the  briquettes, 
made  with  the  standard  sand. 

Each  of  the  above  values  is  the  average  of  5  briquettes 
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TABLE  4, 

Mechanical  Analysis  of  Cement. 


1907 

1 

1908 

Sieve 

Per     cent    Passing           ij 

Sieve 

Pc    cent    Passing 

No. 

1 

No. 

Universal 

1     Chicago  AA     || 

Universal     ,      Chicago  AA 

74 

)8.6 

96 

.4 

74 

99.3 

98.2 

100 

36.2 

91 

.2 

100 

98.5 

95.0 

200 

BO. 9 

69.8           ! 

200 

90.1 

80.6 

TABLE  5. 

Tension  Tests  of  Steel. 

Series  of  1907. 

Nomi- 

Yield 

Ulti- 
mate 
Str'ngth 

Per  cent 

! 

Nomi- 

Yield 

Ulti- 
mate 
Str'Dgth 

Percent 

Beam 

nal 

Point 

Elonga- 

Beam 

nal 

Point 

Elonga- 

No. 

Size 

lb.  per 

tion  in 

No. 

Size 

lb.  per 

tion  in 

inches 

sq.  in. 

Id.  per 
sq.  in. 

Sin. 

inches 

sq.  in. 

Id.  per 
sq.  iu. 

Sin. 

211.1 

1 

36  800 

56  100 

33 

416.5 

i 

40  700   52  500 

29.7 

211.2 

i 

39  800 

55  900 

29 

416.6 

40  000    54  800 

30 

212.1 

39  700 

55  700 

29 

511.1 

40  100    54  900 

31.5 

212.2 

40  200 

56  400 

30.5 

511.2 

37  400   53  500 

29.5 

212.5 

39  600 

54  700 

29 

512.1 

39  600    58  900 

28 

212.6 

39  900 

55  700 

28.5 

512.2 

37  300   54  800 

29 

613.2 

39  300 

54  400 

29 

531.1 

37  400   51  900 

31.5 

616.2 

41  000 

55  900 

29.3 

531.2 

38  400   56  500 

31-5 

417.5 

38  700 

54  900 

3L5 

513.1 

38  800:  53  400 

29.5 

417.6 

39  300 

55  700 

31 

551.2 

39  400    57  200 

28.5 

611.1 

37  200 

54  600 

30.5 

553.1 

63  200'  97  100 

9.5 

611.2 

40  500 

53  800 

30 

!     231.5 

60  800   94  700 

8.5 

612.1 

37  000 

51  300 

32 

232.5 

52  000   82  300 

11 

612.2 

39  200 

53  200 

31.5 

232.6 

57  200;  89  300 

10 

613.1 

38  400 

54  800 

32 

233.5 

58  500!  88  100 

14.2 

616.1 

38  700 

59  600 

31.5 

233.6 

64  400  102  500 

7.2 

617.1 

38  300 

52  500 

31.5 

233.7 

57  600    90  900 

10.5 

213.1 

40  700 

53  000 

30 

235.2 

53  100    86  300 

11 

213.2 

39  100 

56  000 

29.5 

235.5 

64  000  101  500 

7 

414.5 

38  700 

54  100 

30.2 

235.6 

60  000:  98  000 

11 

414.6 

(( 

39  200 

54  500 

29.2 

241.5 

51  700    84  500 

12 

214.1 

39  900 

53  500 

29.5 

221.1 

f 

39  000,  56  400 

32 

214.2 

39  200 

52  500 

31.5 

221.2 

u 

43  100    64  300 

29 

415.1 

40  200 

5t  000 

30.2 

223.6 

i 

39  1001  5(?  300 

29.5 

415.2 

40  100 

55  800 

29.5 

225.5 

f 

37  500    57  000 

31 

415.5 

40  400 

55  800 

30.2 

1     227.5  i      " 

40  500.  58  000 

30 

415.6 

40  400 

57  300 

28.2 

1     2-7.6  1      " 

38  500    60  000 

30.5 

215.1 

42  100 

56  200 

30 

228.5  j      " 

38  700    61  500 

31 

215.2 

43  900 

58  100 

30.5 

228.6         " 

39  800   63  100 

30 
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TABLE  5— Continued. 

Tension  Tests  of  Steel. 

Series  of  1908. 


Nomi- 

Yield 

Ulti- 
mate 

Per  cent 

Nomi- 

Yield 

Ulti- 
mate 

Per  cent 

Beam 

nal 

Point 

Str'ngfth 

Elonga- 

Beam 

nal 

Point 

Str'ngth 

Elonfja- 

No. 

Size 

lb.  per 

lb.  per 

tion  in 

No. 

Size 

lb.  per 

lb.  per 

tion  in 

inches 

sq.   in. 

sq.    in. 

Sin. 

inches 

sq.   in. 

sq.   in. 

Sin. 

210.1 

i 

40  000 

61  200 

28.5 

336.2 

i 

40  000 

61  000 

27 

210.3 

38  700 

59  000 

29.3 

336.2 

41  600 

63  000 

27 

210.2 

41  100 

61  800 

29 

336.2 

40  300 

60  700 

28 

210.2 

42  200 

62  700 

28 

336.3 

40  300 

60  600 

27.4 

343.2 

40  100 

59  900 

28.6 

213.3 

39  100 

61  500 

29.5 

341.3 

40  300 

60  700 

29 

213.4 

39  000 

60  100 

31 

341.3 

41  000 

59  800 

29 

351.2 

40  000 

61  000 

27.7 

341.3 

41  600 

64  000 

26 

214.3 

39  800 

62  500 

26.5 

341.3 

40  300 

63  500 

29 

214.4 

39  400 

59  300 

28.5 

211.4 

40  200!  62  600 

28.5 

214.5 

41  100 

61  800 

28.0 

211. 5 

40  200    61  300 

29 

352.1 

4L  900 

62  200 

28.0 

331.1 

42  500    63  600 

27 

352.2 

40  900 

61  300 

28 

331.3 

40  800   60  700 

29.3 

353.2 

39  200 

59  500 

28 

332.1 

40  500   57  900 

26 

351.1 

40  800 

60  900 

28.5 

217.0 

39  700 

62  500 

29 

215.3 

39  600 

59  500 

29.5 

217.1 

39  900 

63  800 

26.5 

215.4 

40  500 

61  400 

27 

217.3 

39  900 

61  600 

29 

361.1 

39  900 

61  300 

27.5 

217.5 

40  900 

60  700 

29.5 

362.1 

40  200 

61  000 

28 

217.2 

38  200 

61  100 

30 

362.2 

40  300 

61  200 

27.5 

217.4 

41  200 

62  000 

28 

363.2 

40  300 

60  300 

28 

217.4 

40  000 

61  000 

29 

361.2 

40  400 

61  300 

27.5 

218.1 

40  800 

61  200 

29 

363.1 

40  200 

61  000 

30.2 

218.1 

39  300 

62  300 

29 

221.3 

37  900 

58  300 

32 

218.2 

40  400 

61  700 

29.5 

221.4 

37  100 

60  100 

30.5 

218.3 

40  900 

60  600 

27.5 

223.2 

41  300 

61  000 

28.5 

218.3 

40  400 

60  500 

28.5 

223.3 

40  900 

60  500 

29 

254.1 

40  400 

61  800 

29.4 

229.1 

41  100 

60  000 

28.3 

252.5 

52  800 

88  600 

15 

229.2 

41  500 

63  300 

28 

252.6 

51  400 

84  800 

18 

229.2 

40  600 

61  200 

27 

252.7 

45  600 

77  900 

19.5 

229.4 

39  400 

61  200 

27.5 

253.5 

48  700 

83  000 

16.2 

229.5 

41  500 

61  100 

27.5 

253.6 

49  400 

80  000 

19 

229.7 

40  200 

60  500 

29 

219.1 

39  300   59  500 

27.7 

229.8 

40  300 

60  500 

29 

219.2 

40  600 

61  700 

27.3 

229.8 

37  500 

61  200 

27 

155.1 

1 

38  000 

60  600 

33 

229.8 

37  600 

59  400 

27 

255.2 

i 

41  000 

60  800 

28.6 

233.3 

40  500 

60  600 

26.5 

220.5 

1 

39  200 

64  500 

30 

233.4 

49  400 

80  800 

21.5 

220.1 

1 

36  900 

63  100 

35.5 

241.1 

51  000 

84  000 

13 

220. 2 

u 

36  500 

60  300 

30 

241.2 

47  500 

79  100 

20.3 

256.1 

a 

38  600 

61  400 

29.5 

241.7 

42  200 

60  700 

33 

256.2 

i  ( 

38  100 

61  100 

31.2 

241.8 

45  000 

62  600 

30 

253.1 

u 

53  400 

89  100 

11.5 

243.3 

50  100 

81  800 

18 

336.2 

i 

40  300 

61  300 

29 

243.4 

36  100 

56  400 

26 
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Stone.     The  stone  was  a  good  quality  of  crushed  limestone 
from    Kankakee,    Illinois,    ordered  screened  through  a  1-in.  and 
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Fig.  6.    Details  and  Arrangement  of  Reinforcement. 


over  a  i-in.  screen.  It  contained  about  50  ^c  voids  and 
weighed  about  81  lb.  per  cu.  ft.  In  the  determination  of  the  voids 
in  both  stone  and  sand,  the  material  was  poured  slowly  into  water 
to  obviate  the  retention  of  air.  Table  1  gives  the  average  of 
the  tests  of  19  samples  of  the  stone  used  in  1908. 

Sand.     The  sand  was  of  good  quality,  sharp,  well  graded,  and 
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generally  clean;  it  weighed  104  lb.  per  cu.  ft.  loose.  Table  2  gives 
the  results  of  mechanical  analyses  of  this  sand. 

Cement.  Tests  of  the  two  brands  of  cement  used  for  the  two 
years  are  given  in  Table  3.  Table  4  gives  analyses  of  the  fine- 
ness. 

Concrete.  Men  accustomed  to  mixing  concrete  and  making 
test  beams  were  employed  in  the  work.  Care  was  taken  in  meas- 
uring, mixing,  and  tamping  to  secure  as  uniform  a  concrete  as 
possible.  All  materials  were  proportioned  by  loose  volume,  and 
weights  were  taken  as  a  check  on  the  measurement.  The  mixing 
was  done  with  shovels  by  hand.  The  sand  and  cement  were  first 
mixed  dry;  the  stone,  which  had  previously  been  thoroughly 
moistened,  was  added  and  the  mass  then  turned  until  of  a  uniform 
appearance.  Water  was  then  added  in  such  proportion  as  to  give 
a  fairly  wet  mixture.  The  mass  was  again  turned  until  thoroughly 
mixed. 

Steel.  The  steel  reinforcing  bars  consisted  of  plain  round  rods 
and  deformed  bars.  The  round  rods  were  open  hearth  mild  steel. 
The  deformed  bars  were  square  corrugated  bars  with  "new  style" 
corrugations.  Two  grades  of  the  deformed  bars  were  used,  one 
of  mild  steel  for  some  of  the  stirrups  and  one  of  high  elastic  limit. 
Test  pieces  were  cut  from  all  the  reinforcing  bars  used.     Table 

5  gives  the  results  of  the  tests.  In  those  beams  which  failed  by  ten- 
sion in  the  steel  individual  results  are  recorded.  In  those  in  which 
the  tensile  strength  of  the  steel  was  not  developed  the  average 
of  all  tests  for  the  several  sizes  is  given.  Tests  of  Cummings' 
reinforcement  showed  the  yield  point  of  the  steel  to  be  about  44  000 
lb.  per  sq.  in. 

13.  Test  Beams. — In  all  the  tests  herein  described,  the  cross- 
section  of  the  beams  was  8x11  in.,  the  center  of  the  longitudinal 
reinforcement  being  placed  10  in.  below  the  top  surface  through- 
out at  least  the  middle  third  of  the  length  of  the  beam.  The  span 
length  varied  from  6  ft.  to  12  ft.     The  total  length  of  the  beam  was 

6  in.  more  than  the  span  length  in  the  beams  of  6  ft.  span  length, 
and  12  in.  more  in  the  12  ft.  lengths.  In  a  large  proportion  of  the 
beams,  the  reinforcing  bars  were  straight  from  end  to  end.  In 
the  beams  with  bars  bent  up,  the  bending  of  the  bars  began  at  a 
point  about  3  in.  outside  the  load  point  and  passed  diagonally  in 
a  slightly  curved  line  to  a  point  2i  in.  or  5  in.  from  the  top  of  the 
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beam  over  the  supports.  The  general  position  and  disposition 
of  the  bars  are  shown  in  Pig.  6,  and  the  details  are  given  in  Tables 
8,  11,  and  13.  The  arrangement  of  nuts  and  washers  at  the  end 
of  the  bars  and  of  hooked  ends,  as  used  in  some  of  the  beams,  is 
shown  in  Fig,  14  and  18. 

Included  in  the  beams  with  bars  bent  up  are  those  made  with 
the  Cummings'  unit  frame.  This  reinforcement  (see  Fig.  6)  con- 
sisted of  two  t-in.  round  rods  carried  straight  to  a  point  beyond 
the  supports  and  there  bent  and  welded  to  form  a  loop  near  the 
end  of  the  beam,  one  pair  of  f -in.  round  rods  bent  up  diagonally 
at  the  one- sixth  point  and  looped  and  welded  near  the  top  of  the 
beam,  and  another  pair  of  f-in.  round  rods  bent  up  at  a  point  8 
inches  from  the  one -sixth  point.  These  rods  were  connected 
laterally  with  the  t-in.  rods  at  the  points  of  bending  by  means  of 
steel  plates. 

In  beams  with  stirrups,  the  stirrups  were  U-shaped  and 
passed  under  the  longitudinal  bars  and  extended  to  the  top  of  the 
beam.  In  some  beams  the  stirrups  were  left  too  close  to  the  side 
of  the  beam  to  be  effective.  Fig.  6  shows  the  shape  of  the  stirrups 
and  their  general  spacing,  and  Fig.  16,  17  and  18  show  the 
arrangement  for  individual  beams.  The  size  and  spacing  of  the  stir- 
rups are  given  in  Table  13.  The  stirrups  were  placed  in  the  outer 
thirds  of  the  beams,  except  that  in  Beams  No.  229.1,  229.2,  229.5 
and  229.8  stirrups  were  placed  in  one  end  only.  The  stirrups  in 
Beams  No.  222.5,  222.6,  224.5  and  224.6  were  tapered  to  a  reduced 
section,  as  shown  in  Fig.  6.  The  longitudinal  reinforcing  bars 
were  straight,  except  in  Beam  No.  229.8,  in  which  two  bars  were 
bent  up  in  the  end  not  having  stirrups. 

Two  beams  were  reinforced  with  two  small  angles  riveted 
together  and  holding  between  them  a  web  of  expanded  metal  which 
extended  up  to  the  top  of  the  beam.  This  form  of  reinforcement 
was  used  by  the  company  furnishing  it.  The  arrangement  is 
shown  in  Fig.  6. 

For  general  data  of  beams  see  Table  8,  p.  34,  Table  11,  p.  35, 
and  Table  13,  p.  62. 

14.  Making  of  the  BecDiis. — Tlie  beams  were  made  in  a  manner 
similar  to  that  described  in  Bulletin  No.  14.  They  were  built 
directly  on  the  concrete  lloor  of  the  laboratory  with  a  strip  of  build- 
ing paper  beneath  the  forms.  The  forms  were  generally  removed 
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after  seven  days,  but  the  beams  were  not  moved  until  the  date  of 
test. 

15.  Minor  Test  Pieces. — In  many  cases  tests  were  made  on 
6- in.  cubes  from  the  batch  of  concrete  used  in  the  beams.  The 
results  are  given  in  Table  6.  In  addition  to  this  a  flexure  test  was 
made  of  a  plain  concrete  control  beam  or  check  beam  to  give  a 
means  of  judging  of  the  resistance  of  the  concrete  to  tension. 
These  control  beams  were  6  x  8  x  40  in.  and  were  tested  with  a  3-ft. 
span  and  one-third  point  loading.  In  testing,  they  were  placed 
on  a  wooden  base,  so  arranged  as  to  insure  a  good  distribution  of 
the  loads  and  pressures  across  the  width  of  the  beam,  the  wood 
acting  as  a  cushion  and  permitting  adjustment  for  any  warped  con- 
dition of  the  beam.  The  results  of  these  tests  are  given  in 
Tables  9,  10,  and  12. 

16.  Storage. — The  beams  were  left  on  the  floor  of  the  mixing 

TABLE  6. 

Compression  Tests  of  6-in.  Cubes. 

Series  of  1907. 


Maximum 

Maximum 

No. 

Kind  of 
Concrete 

Age  at 
Test 
days 

Load 

lb.  per  sq. 

in. 

No. 

Kind  of 
Concrete 

Age  at 
Test 
days 

Load 

lb.  per  sq. 

in. 

211.1 

l-U-3 

352 

1 
5080 

224.5 

1-2-4 

303 

1960 

211.1 

u 

(( 

5340 

224.6 

.     1-2-4 

267 

2110 

211.1 

( ( 

( ( 

3640 

211.1 

u 

359 

4310 

225.7 
225.7 

1-2-4 

332 

336 

3730 
3400 

212.5 

1-2-4 

357 

3610 

225.7 

u 

ii 

3240 

212.5 

u 

359 

3680 

212.5 

u 

u 

3200 

227.5 

1-2-4 

313 

4170 

212.5 

u 

u 

3100 

227.5 

( ( 

316 

3842 

212.5 

u 

u 

2870 

227.5 

u 

318 

4110 

214.1 

1-4-8 

342 

1370 

235.6 

1-5-10 

334 

1165 

214.1 

u 

344 

1260 

235.6 

a 

u 

1150 

217.5 

1-2-4 

303 

1960 

241.6 
241.6 

1-2-4 

317 
325 

3300 
3120 

221.1 

1-2-4 

334 

2570 

241.6 

a 

u 

3030 

221.6 

1-2-4 

323 

2530 

271.6 

1-2-4 

317 

3300 

222.6 

1-2-4 

267 

2110 

271  6 

u 

325 

3120 

223.6 

1-2-4 

313 

4170 

271  6 

u 

u 

3030 

223.6 

u 

316 

3842 

417  6 

1-2-4 

303 

2420 

223.6 

u 

318 

4110 

521  5 

1-2-4 

323 

2530 
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TABLE  Q— Continued. 
Compression  Tests  of  6-in.  Cubes. 
Series  of  1908. 


No. 

Kind  of 
Concrete 

A^es  at 
Test 
days 

Maximum 

Load 

lb.  per  sq. 

in. 

No. 

Kind  of 
Concrete 

Age  at 
Test 
days 

Maximum 

Load 

lb.  per  sq. 

in. 

210.1 
210.1 
210.1 

1-1-2 

65 

a 
a 

4045 
3995 
3835 

217.5 
217.5 
217.5 

1-2-4 

u 
u 

75 

( ( 

1537 
1692 
1731 

210.2 
210.2 
210.2 

1-1-2 

n 
n 

70 

5715 
4670     ! 
5180 

218.2 
218.2 

218.2 

1-2-4 

a 

59 

2583 
2650 

2778 

210.3 
210.3 
210.3 

1-1-2 

u 

63 

3520 
3560     i 
3620     i 

218.3 
218.3 
218.3 

1-2-4 

60 

2700 
2240 
2620 

211.4 
211.4 
2il.4 

l-U-3 

65 

u 
u 

3275     i 

3080     ! 
3590     1 

218.4 
218.4 
218.4 

1-2-4 

u 
a 

68 

1970 
1725 

1870 

213.3 
213.3 
213.3 

1-3-6 

u 

65 

1722 
1752 
1590 

219.2 
219.2 
219.2 

1-2-4 

59 

a 
a 

2583 
2650 

2778 

213.4 
213.4 
213.4 

1-3-6 

65 

1130 
10.34 
1192 

220.2 
220.2 
220.2 

1-2-4 

a 

59 

2392 
2270 
2322 

214.4 
214.4 
2)4.4 

1-4-8 

u 

a 

68 

a 

1297 
1364 
1255 

220.5 
220.5 
220.5 

1-2-4 

u 
u 

67 

2370 
2150 
2110 

215.3 
215.3 
215.3 

1-5-10 

u 
u 

64 

1075 
1075 
1143 

221.3 
221.3 
221.3 

1-2-4 

u 
u 

57 

2672 
2450 
2735 

215.4 
215.4 
215.4 

1-5-10 

u 

69 

a 
a 

1227 
1218 
1080 

221.4 
221.4 
221.4 

1-2-4 

a 

a 

62 

1810 
1890 
1660 

215.5 
215.5 
215.5 

1-5-10 

60 

942 

892 

872 

203  2 
223.2 
223.2 

1-2-4 

a 
a 

57 

a 

2672 
2450 
2735 

217.0 
217.0 
217.0 

1-2-4 

61 

n 
u 

2980 
3340 
2670 

223.3 
223.3 
223.3 

1-2-4 

a 
n 

62 

1810 
1890 
1660 

217.1 
217.1 
217.1 

1-2-4 

u 

15 

a 

1310 
1135 
1140 

229.1 
229.1 
229.1 

1-2-4 

u 

61 

2980 
3340 
2670 

217.2 
217.2 
217.2 

1-2-4 

66 

a 

i  t 

2330 
2inO 
2070 

229.2 
229.2 
229.2 

1-2-4 

83 

3140 
2850 
3250 

217.4 
217.4 
217.4 

1-2-4 

69 

2880 
2900 
2960 

229.5 
229.5 
229  5 

1-2-4 

u 

75 

1537 
1692 
1731 
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TABLE  6— Continued. 

Compression  Tests  of  6-in.  Cubes. 

Series  of  1908. 


No. 

Kind  of 
Concrete 

Age  at 
Test 
days 

Maximum 

Load 

lb.  per  sq. 

in. 

No. 

Kind  of 
Concrete 

Age  at 
Test 
days 

Maximum 

Load 

lb.  per  sq. 

in. 

233.3 
233.3 
233.3 

1-2-4 

a 

74 

u 

1700 
1520 
1410 

331.3 
3.31.3 
331.3 

1-2-4 

34 

u 
ii 

391 
410 
420 

240.1 
240.1 
240.1 

1-2-4 

u 

62 

a 
n 

2750 
2490 
2580 

332.1 
332.1 
332.1 

1-2-4 

11 

u 
u 

1420 
1510 
1620 

240.2 
240.2 
240.2 

1-2-4 

n 

59    ' 

a 

u 

1770 
1810 
1770 

333.1 
333.1 
333.1 

1-2-4 

17 

ii 

626 
640 
738 

243.3 
243.3 
243.3 

1-2-4 

u 
(( 

62 

a 
ii 

2750 
2490 

2580 

342.2 
342.2 
342.2 

1-1-2 

u 

69 

u 
(( 

3880 
4030 
3640 

252.6 
252.6 
252.6 

1-2-4 

u 

59 

a 
i  I 

2392 
2270 
2322 

351.1 
351.1 
351.1 

1-4-8 

u 

202 

ii 

1420 
1131 
1232 

252.7 
252.7 
252.7 

1-2-4 

u 
u 

59 

u 

3008 
3194 
2964 

.351.2 
351.2 
251.2 

1-4-8 

u 
ii 

14 

a 

ii 

828 
752 
866 

253.1 
253.1 
253.1 

1-2-4 

u 

59 

2392 
2270 
2322 

352.1 
352.1 
352.1 

1-4-8 

ii 

62 

u 
ii 

1490 
1620 
1610 

253.5 
253.5 
253.5 

1-2-4 

65 

3480 
3730 
3770 

352.2 
352.2 
352.2 

1-4-8 

a 
a 

63 

u 

1028 

997 

1000 

253.6 
253.6 
253.6 

1-2-4 

u 

u 

59 

3008 
3194 
2964 

353.2 
353.2 
353.2 

1-4-8 

u 
ii 

68 

ii 

ii 

831 
745 

884 

254.1 
254.1 
254.1 

1-2-4 

a 

67 

u 

2025 
2 160 
2125 

361.1 

361.1' 

361.1 

1-5-10 

ii 

ii 

49 

u 
ii 

1050 
1040 

985 

255.1 
255.1 
255.1 

1-2-4 

n 

68 

u 

2.360 
2300 
2040 

362.1 
362.1 
362.1 

1-5-10 

ii 

a 

60 

ii 

842 
937 

832 

255.2 
255.2 
255.2 

1-2-4 

61 

u 
u 

2430 

2475 
2470 

362.2 

362  2 
362.2 

1-5-10 

u 
ii 

69 

u 
u 

1010 

820 
862 

256.1 
256.1 
256.1 

1-2-4 

u 
u 

68 

u 

u 

2360 
2300 
2040 

363.1 
363.1 
363.1 

1-5-10 

u 
u 

184 

u 
u 

733 

720 

1005 

256.2 
256.2 
256.2 

1-2-4 

u 
u 

61 

2430 
2475 
2470 

363.2 
363.2 
363.2 

1-5-10 

a 

68 

ii 

570 
598 
640 

331.1 
331.1 
331 . 1 

1-2-4 

6 

(  c 

776 
834 

897 
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room  until  the  date  of  test,  when  they  were  removed  to  the 
Materials  Testing  Laboratory.  They  were  dampened  occasionally 
to  prevent  too  rapid  drying.  The  temperature  ranged  from  55°  to 
70°  F.  Owing  to  incompleteness  of  the  heating  arrangement,  the 
temperature  of  the  room  during  the  early  part  of  the  period  of 
making  beams  in  1907  was  less  uniform  than  could  have  been 
desired,  and  the  beams  first  made  probably  did  not  have  as  favor- 
able conditions  for  setting  as  would  usually  be  the  case. 

17.  Method  of  Testing. — In  testing,  the  beams  were  loaded  at 
the  one-third  points,  as  described  in  Bulletin  No.  4,  page  34, 
except  that  in  Beams  No.  229.1,  229.2  and  229.5  a  single  load  was 
applied  at  the  one-third  point  next  to  the  end  having  the  stirrups. 
The  beams  were  all  tested  in  the  200  000-lb.  Olsen  testing  machine. 
The  bedding  of  the  plates  and  the  facilities  for  longitudinal 
adjustment  in  the  test  were  the  same  as  those  in  the  earlier  tests. 

Center  deflections  were  read  on  all  the  beams.  Deformations 
of  the  upper  fiber  and  steel  were  measured  on  only  part  of  the 
beams;  the  discussion  of  this  part  of  the  work  is  left  for  a  later 
bulletin.  The  methods  of  measuring  the  deflections  and  deforma- 
tions are  fully  described  in  Bulletin  No.  4. 

III.     Experimental  Data  and  Discussion. 

18.  Explanation  of  Tables. — Tables  8,  11,  and  13  give  data  of 
the  make-up  of  the  test  beams.  Tables  9,  12,  and  14  contain  data 
of  the  tests  of  the  beams.  The  per  cent  of  cement  recorded  in 
the  tables  is  based  upon  weights  and  is  given  in  terms  of  the 
aggregate  (stone  and  sand)  and  not  of  the  resulting  concrete. 
The  loads  given  in  the  tables  are  the  loads  applied  by  the  test- 
ing machine,  and  do  not  include  the  weight  of  the  beam.  The 
load  at  first  diagonal  crack  is  the  load  noted  when  the  first  diagonal 
crack  was  observed.  The  stress  in  the  longitudinal  reinforce- 
ment is  calculated  from  the  bending  moment,  taking  into  account 
the  weight  of  the  beam.  In  determining  the  amount  of  the  ver- 
tical shearing  stress  an  amount  was  added  to  include  the  effect  of 
the  weight  of  the  beam  at  about  the  one- sixth  point,  together 
with  the  loading  apparatus.  In  the  calculation  of  stresses, 
equation  (13),  p.  G,  M=  Afd\  was  used  for  calculating  the  stress 
in  longitudinal  reinforcement.     The  vertical  shearing  unit  stress 

was   calculated  with  equation  (18),  p.  9,  v  =  — '  and  the   bond 
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unit  stress  with  equation  (17),  p.  8, 


u 


laocV 


The   values  of 


d'  were  selected  with  reference  to  the  amount  of  reinforcement 
and  the  modulus  of  elasticity  of  the  concrete.  The  moduli  for 
different  mixtures  and  ages  had  been  determined  by  another 
investigation,  and  the  values  of./  (ratio  of  cV  to  d)  were  calculated 
by  the  method  given  in  Bulletin  No.  4.     The  values  of  j  used  are 

TA.BLE  7. 
Values  of  J  Used  in  Calculations. 


Kind  of 

Reinforcc- 

Age. 

days 

Concrete 

per  cent 

' 

14 

30 

60 

1-1-2 

1.00 

.825 

.845 

.865 

.87 

l-U-3 

1.00 
1.65 

.84 

.865 

.84 

1-2-4 

u 
a 

1.00 
1.25 
1.30 
1.50 

.80 

.825 

.845 

.85 
.84 
.835 
-83 

u 

1.65 

.825 

(i 

1.96 

.82 

2.20 
2.81 

.81 

.80 

1-3-6 

1.00 

.845 

1-4-8 

1.00 

.80 

.825 

.84 

1-5-10 

1.00 

.825 

u 

1.25 

.82 

given  in  Table  7.  In  all  cases,  whether  the  bars  were  bent  up 
or  not,  and  whether  there  were  stirrups  or  not,  the  foregoing 
formulas  for  shearing  stresses  and  bond  stresses  were  used. 
The  term  nominal  shearing  stress  is  employed,  as  noted  on  page 
18.  The  modulus  of  rupture  of  the  control  beams  was  calculated 
by  the  usual  rectangular  beam  formula.  The  stress  in  the 
stirrups  was  calculated  by  the  methods  given  on  page  18.  For 
the  bond  stress  in  stirrups  the  area  of  stirrup  available  was  con- 
sidered to  be  that  taken  by  a  length  of  stirrup  equal  to  six-tenths 
of  the  distance  from  the  top  of  the  beam  to  the  center  of  the 
reinforcing  bars. 
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Fig.  7.    Views  of  1>eams  after  Test. 
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19.  Deflection  Diagrams. — Diagrams  showing  the  center 
deflections  of  the  various  beams  for  the  applied  loads  are  given 
in  Fig.  19  to  25  at  the  end  of  the  text. 

A.      BEAMS   WITHOUT   WEB   REINFORCEMENT. 

20.  Beams  loithout  Web  Beinf or  cement. — In  beams  without 
web  reinforcement  which  fail  by  diagonal  tension,  the  first  sign 
of  approaching  failure  to  be  noted  is  a  small  diagonal  crack 
generally  found  somewhat  below  the  middle  of  the  depth  of  the 
beam  at  a  point  about  half  way  between  the  load  point  and  the 
end  support.  Sometimes  it  seems  to  start  at  the  level  of  the 
reinforcing  bars,  or  is  not  noted  until  it  has  extended  that  far 
down,  running  from  a  vertical  crack  which  has  already  formed  up 
to  that  level.  As  the  load  on  the  beam  is  increased,  the  crack 
lengthens  and  extends  from  the  level  of  the  reinforcing  bar 
diagonally  upward,  reaching  the  load  point  or  to  within  a  few 
inches  of  the  load  point  at  or  near  the  maximum  load  carried. 
The  angle  which  the  crack  makes  with  the  horizontal  and  its 
position  with  reference  to  the  support  and  load  point  depend  upon 
the  strength  of  the  concrete  forming  the  web,  upon  the  length  or 
slenderness  of  the  beam,  and  upon  the  amount  of  reinforcement. 

In  one  or  two  cases  the  crack  extended  diagonally  from  the 
support  to  the  load  point.  In  many  beams  a  longitudinal  crack 
formed  along  the  upper  level  of  the  reinforcing  bars  toward  the 
support,  the  bars  stripping  off  from  the  concrete  above  by  the 
action  of  vertical  tension.  The  views  in  Fig.  7  show  various 
forms  of  cracks  in  beams  of  the  1907  series.  The  characteristics 
of  these  cracks  will  be  taken  up  farther  on.  Generally  the  beam 
finally  carried  a  load  greater  than  that  applied  when  the  diagonal 
crack  was  first  noted,  but  in  many  of  the  beams  no  crack  was 
noted  until  the  maximum  load  was  reached,  and  then  failure  along 
this  diagonal  crack  was  sudden  and  complete.  In  general,  after 
the  maximum  load  was  reached,  the  load  fell  off  at  once,  and  a 
dead  load  would  have  produced  instant  failure. 

The  disposition  of  bars  used  in  this  group  (no  bars  bent  up 
and  no  stirrups)  permits  a  comparison  of  the  resistance  of  the  con- 
crete to  diagonal  tension  without  the  complication  which  would 
otherwise  exist.  As  the  bars  extended  beyond  the  beam  supports 
(li  in.  in  the  6-ft.  span,  and  3  in.  in  the  12-ft.  span),  there  is  a  some- 
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TABLE  8. 

Data  of  Beams  without  Web  Reinforcement. 

Series  of  1907. 


Cement 

Reinforcement 

Span 

Beam 
No. 

Kind  of 
Concrete 

Kind 

Per  cent 

Description 

Per  cent 

Length 
feet 

218.5 

l-U-3 

u 

18.8 

4  Hn.  round 

0.98 

6 

218.6 

do. 

u 

18.8 

do. 

0.98 

6 

211.3 

l-U-3 

AA 

20.6 

4  i-ln.  round 

0.98 

6 

211.1 

do. 

AA 

22.2 

3  l-in.  round 

1.65 

6 

211.2 

do. 

AA 

21.1 

do. 

1.65 

() 

216.1 

1-2-4 

AA 

15.7 

4  ^-in.  round 

0.98 

6 

216.2 

do. 

AA 

14.6 

do. 

0.98 

6 

216.5 

do. 

U 

15.9 

do. 

0.98 

6 

216.6 

do. 

U 

10.6 

do. 

0.98 

6 

217. 5i 

1-2-4 

U 

15.9 

4  i-in.  round 

0.98 

6 

217.6 

do. 

u 

10.6 

do. 

0.98 

6 

217.52 

do. 

u 

15.7 

do. 

0.98 

6 

212.7 

1-2-4 

u 

15.4 

4  ^-in.  round 

0.98 

6 

212.1 

1-2-4 

AA 

16.1 

5  i-ln.  round 

1.23 

6 

212.2 

do. 

AA 

15.3 

do. 

1.23 

6 

212.5 

do. 

U 

15.1 

do. 

1.23 

6 

212.6 

do. 

u 

15.5 

do. 

1.23 

6 

613  2 

do. 

AA 

13.4 

do. 

1.23 

6 

616.2 

do. 

AA 

do. 

1.23 

6 

251.1 

do. 

AA 

14.6 

4  i-ln.  cor. 

1.25 

6 

251.2 

do. 

AA 

17.5 

do. 

1.25 

6 

251.3 

do. 

AA 

14.3 

do. 

1.25 

6 

251.4 

do. 

AA 

14.3 

do. 

1.25 

6 

417.5 

1-2-4 

U 

15.6 

4  f-in.  round 

1.53 

12 

417.6 

do. 

U 

15.6 

do. 

1.53 

12 

611.1 

1-2-4 

AA 

15.5 

4  Hn.  round 

1.53 

6 

611.2 

do. 

AA 

1/^.8 

do. 

1.53 

6 

612.1 

do. 

AA 

15.4 

do. 

1.53 

6 

612.2 

do. 

AA 

15.8 

do. 

1.53 

6 

613.1 

do. 

A  A 

15.4 

do. 

1.53 

6 

616.1 

do. 

AA 

15.8 

do. 

1.53 

6 

617.1 

do. 

AA 

16.0 

do. 

1.53 

6 

617.2 

do. 

AA 

15  5 

do. 

1.53 

6 

213.1 

1-3-6 

A  A 

10.7 

4  l-\n.  round 

0.98 

6 

213.2 

do. 

AA 

10.3 

do. 

0.98 

6 

414.5 

do. 

U 

11.2 

do. 

0.98 

12 

414.6 

do. 

U 

13.0 

do. 

0.98 

12 

214.1 

1-4-8 

AA 

8.4 

do. 

0.98 

6 

214.2 

do. 

AA 

8.5 

do. 

0.98 

6 

415.1 

do. 

A  A 

8.2 

do. 

0.98 

12 

415.2 

do. 

A  A 

7.1 

do. 

0.98 

12 

415.5 

do. 

IT 

8.0 

do. 

0.98 

12 

415.6 

do. 

U 

8.0 

do. 

0.98 

12 

215.1 

1-5-10 

A  A 

6.5 

4  i-in.  round 

0.98 

6 

215.2 

do. 

AA 

6.5 

do. 

0.98 

6 

416.5 

do. 

U 

6.4 

do. 

0.98 

12 

416.6 

do. 

U 

5.7 

do. 

0.98 

12 

iContinufd  on  page  36. 
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TABLE  9. 
Tests  of  Beams  without  Web  Reinforcement. 

Series  of  1907. 
All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 
No. 


Agre 

days 


Load  at 

First 

Diafjonal 

Crack 

pounds 


Maximum 

Applied 

Load 

pounds 


218.5 

14 

218.6 

14 

211.3 

61 

211.1 

63 

211.2 

67 

216.1 

7 

216.2 

7 

216.5 

9 

216.6 

8 

217.52 

14 

217.6 

14 

217. 6i 

25 

212.7 

60 

212.1 

63 

212.2 

59 

212  5 

64 

212.6 

61 

613.2 

61 

616.2 

63 

251.1 

60 

251.2 

60 

251.3 

60 

251.4 

60 

417.5 

61 

417.6 

63 

611.1 

57 

611.2 

61 

612.1 

57 

612.2 

61 

613.1 

57 

616.1 

60 

617.1 

62 

617.2 

57 

213.1 

63 

213.2 

57 

414.5 

59 

414.6 

61 

214.1 

62 

214.2 

57 

415.1 

75 

415.2 

62 

415.5 

57 

415.6 

62 

215.1 

62 

215.2 

61 

416.5 

65 

416.6 

70 

12  000 
12  000 

18  000 
18  000 
15  000 

'6006 

10  000 
8  900 

11  000 

12  000 
12  000 

18  100 

19  000 
14  000 
14  000 
14  000 

18  000 

20  000 

19  200 
14  500 
12  300 
14  000 


16  000 
22  400 

10  000 
14  000 
12  000 
18  000 
16  000 
18  000 

9  000 

11  000 


11  000 
9  500 


10  000 
8  000 


13  000 

14  900 

19  100 
29  000 
18  300 

9  000 

6  000 

10  000 
8  900 

11  600 

12  000 

14  600 

18  100 

20  000 
20  900 

15  400 

17  000 

18  500 
24  700 

19  200 
14  500 
12  800 
14  000 

12  000 

10  500 

19  000 
22  400 

19  500 
18  450 
14  000 

20  000 

21  700 

22  250 

12  400 

11  400 

7  920 

8  430 

11  300 

9  500 

8  680 
7  220 

7  000 

8  000 

10  200 
8  600 
5  060 
5  830 


Stress  in 
Longi'nal 
Reinforce- 
ment 
lb.  per  sq.in. 


Vertical 
Shearing 
Stress 
lb.  per 
sq. in. 


Bond 
Stress 
lb.  per 
sq.  in. 


Control  Beam 


Modulus  of 

Rupture 
lb.  per  sq.in. 


24  500 
27  900 

34  300 

31  800 

20  200 

18  000 
12  300 

19  900 

17  800 

22  300 

23  100 
27  200 

33  400 

29  700 
31  000 
23  000 

25  300 

27  500 
36  500 

28  100 

21  300 

18  800 

20  600 

30  400 

26  800 

22  900 

27  000 

23  500 

22  200 
17  000 

24  100 
26  100 
26  800 

23  100 

21  300 

31  600 

33  500 

21  200 
17  900 

34  300 

29  000 

28  300 

30  400 

19  100 
19  900 
21  300 

24  loo 


103 
114 

144 
222 
142 

71 
54 

86 
76 

94 

97 

114 

138 

155 
162 
121 
132 
144 
190 
149 
114 
102 
110 

100 

89 

149 
175 
153 
145 
111 
156 
169 
173 

98 
90 
69 

72 

90 
77 
75 
64 
62 
70 

84 
72 
49 
54 


139 

148 

194 
251 
160 

95 

73 

116 

103 

127 
131 
154 

186 

167 
175 
131 
143 
156 
205 
149 
114 
102 
110 

102 
91 

152 

178 
156 
148 
113 
159 
172 
176 

132 

121 

93 

97 

121 
104 
101 

86 
84 
95 

113 

97 
66 
73 


248 
248 

354 
331 
310 

223 
135 
202 
137 

202 
138 
147 

336 

228 
305 
221 
246 
280 
260 
291 
183 
238 
288 

229 

189 

293 
252 
339 

307 
249 
304 
304 

178 
204 


179 
174 
135 
188 
151 
125 

174 

109 
118 


[Continued  on  page  37 
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TABLE  8.— Continued. 
Data  of  Beams  without  Web  Reinforcement. 

Series  of  1908. 


Cement            | 

Reinforcement 

Span 

Beam 

No. 

Kind  of 
Concrete 

Kind 

Per  cent 

Description 

Per  cent 

Length 
feet 

210.1 

1-1-2 

AA 

28.5 

4  ^-in.  round 

0.98 

6 

210.3 

do. 

AA 

30.7 

do. 

0.98 

6 

210.2 

do. 

AA 

29.6 

do. 

0.98 

6 

343.2 

do. 

AA 

29.8 

6  i-in.  round 

1.47 

12 

341.3 

do. 

AA 

30.1 

4  |-in.  round 

0.98 

12 

211.4 

l-U-3 

AA 

19.8 

4  Hn.  round 

0.98 

6 

2L1.5 

do. 

AA 

19.5 

do. 

0.98 

6 

331.1 

1-2-4 

AA 

15.7 

4  Hn.  round 

0.98 

12 

331.3 

do. 

AA 

14.9 

do. 

0.98 

12 

332.1 

do. 

AA 

15.3 

do. 

0.98 

12 

217.0 

1-2-4 

AA 

15.3 

4  Hn.  round 

0.98 

6 

217.1 

do. 

AA 

14.9 

do. 

0.98 

6 

333.1 

do. 

AA 

14.5 

do. 

0.98 

12 

217.3 

1-2-4 

AA 

16.5 

4  i-ln.  round 

0.98 

6 

217.5 

do. 

AA 

14.3 

do. 

0.98 

6 

217.2 

1-2-4 

AA 

14.9 

4  i-in.  round 

0.98 

6 

217.4 

do. 

AA 

14.4 

do. 

0.98 

6 

218.1 

do. 

AA 

14.7 

do. 

0.98 

6 

218.2 

do. 

AA 

14.7 

do. 

0.98 

6 

218.3 

do. 

AA 

15.1 

do. 

0.98 

6 

218.4 

do. 

AA 

15.1 

do. 

0.98 

6 

254.1 

do. 

AA 

14.3 

5  i-in.  round 

1.23 

8 

254.2 

do. 

AA 

15.3 

do. 

1.23 

8 

252.5 

1-2-4 

U 

15.0 

4  i-in.  cor.  h.  s. 

1.25 

6 

252.6 

do. 

AA 

14.7 

do. 

1.25 

6 

252.7 

do. 

U 

14.6 

do. 

1.25 

6 

253.5 

do. 

rj 

14.5 

do. 

1.25 

12 

253.6 

do. 

u 

14.6 

do. 

1.25 

6 

219 . 1 

1-2-4 

AA 

14.7 

6  i-in.  round 

1.47 

6 

219.2 

do. 

AA 

14.7 

do. 

1.47 

6 

240.2 

do. 

AA 

14.2 

3  l-ln.  round* 

1.65 

6 

255.1 

do. 

AA 

15.3 

3  Mn.  round 

1.65 

10 

255.2 

do. 

AA 

13.4 

7  i-in.  round 

1.71 

10 

220.5 

do. 

U 

14.1 

2  1-in.  round 

1.96 

{] 

220.1 

do. 

AA 

16.5 

4  f-in.  round 

2.21 

6 

220.2 

do. 

AA 

14.1 

do. 

2.21 

6 

256.1 

do. 

AA 

14.2 

do. 

2.21 

12 

256.2 

do. 

AA 

14.6 

do. 

2.21 

12 

253.1 

do. 

AA 

14.7 

4  l-in.  cor.  h.  s. 

2.81 

12 

336.3 

do. 

AA 

14.5 

5  i-ln.  round 

1.23 

12 

213.3 

1-3-6 

AA 

11.0 

4  i-in.  rouna 

0.98 

6 

213 . 4 

do. 

AA 

9.6 

do. 

0.98 

6 

.351.2 

1-4-8 

AA 

7.3 

1 

dc. 

0.98 

12 

♦Washers  held  by  nuts  on  both  faces. 


[Continued  on  pasre  38. 
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TABLE  9.~ContinuecL 
Tests  of  Beams  ^ylTHOUT  Web  Reinforcement. 
Series  of  1908. 
All  beams  failed  by  diag-onal  tension  unless  otherwise  noted. 


Beam 
No. 


Age 
days 


Load  at 
First 

Diagonal 
Crack 

pounds 


Maximum 
Applied 

Load 
pounds 


Stress  in 
Longi'nal 
Reinforce- 
ment 
lb,  per  sq.in. 


Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 


Bond 
Stress 
lb.  per 
sq.  in. 


Control  Beam 


Modulus  of 

Rupture 
lb. per  sq.  in. 


Age 
days 


210.1 

63 

210.3 

60 

210.2* 

72 

343.2 

73 

341.3* 

253 

211.4 

63 

211.5 

72 

331.1 

7 

331.3 

4 

332.1 

i 

217.0 

14 

217.1 

15 

333.1 

17 

217.3 

32 

217.5 

37 

217.2 

63 

217.4* 

81 

218.1* 

65 

218.2 

67 

218.3 

60 

218.4 

61 

254.1 

63 

254.2 

75 

252.5 

66 

252.6 

66 

252.7 

64 

253.5 

66 

253.6 

64 

219.1 

65 

219.2 

67 

240.2 

64 

255.1 

63 

255.2 

63 

220.5 

67 

220.1 

68 

220.2 

66 

256.1 

64 

256.2 

71 

253.1 

67 

336.3 

251 

213.3 

68 

213.4 

67 

351.2 

14 

25  000 
20  000 
18  000 

12  000 
7  600 

16  000 
15  900 

7  000 
2  900 

8  000 

15  400 

13  500 

7  000 

17  900 
13  000 


16  000 
19  000 

19  000 
14  000 

17  000 
16  000 

16  000 

25  000 

20  800 

19  000 

17  000 

25  000 

20  000 

18  000 

16  000 

17  000 

17  000 
23  850 
27  000 
13  000 

18  000 
20  000 
12  000 

20  000 
9  000 


25  640 
24  500 
31  000 
16  900 

12  000 

18  800 
24  200 

7  750 

2  900 

8  600 

16  200 
14  000 

7  500 

18  500 

13  600 

20  000 
24  700 
24  POO 
23  000 

16  600 

17  300 
16  740 

22  200 

26  000 

20  800 

23  700 

18  450 

24  500 

25  200 

21  700 
20  500 

18  900 

20  000 

19  400 
23  850 

27  000 
18  210 

21  000 

21  300 

14  800 

22  150 
13  300 

3  340 


45  800 
43  800 
55  300 

41  700 
45  000 

34  100 

43  700 

33  000 
14  400 
36  300 

30  900 

26  800 

31  000 

34  300 
25  400 

36  800 
45  100 
45  600 

42  200 

30  600 

31  900 

33  400 

44  000 

37  800 

30  400 

34  500 
55  200 

35  700 

31  600 

27  200 
23  100 

36  000 
36  700 
18  500 
20  500 

23  000 
31  900 
.36  700 
29  700 

45  300 

40  900 

24  900 

7  200 


190 
182 
229 
134 
96 

142 

181 

72 

33 

78 

128 

111 

66 

143 

107 

152 
187 
188 
175 
128 
133 
132 
172 

199 
161 

182 
147 
.188 

193 
169 
161 
15  L 
162 
155 
190 
214 
150 
172 
174 
109 

170 
104 

32 


257 
246 
309 
121 
130 

192 
245 

97 

45 

105 

173 
150 

89 

193 
145 

205 
252 
254 
236 
178 
180 
143 
166 

199 
161 
182 
147 

188 

174 
152 

182 
171 
125 
98 
162 
182 
128 
146 
144 
111 

230 
140 

43 


492 
390 
553 
766 
607 

395 

448 

29 
140 
213 

400 

227 
157 

278 
301 
439 
333 
422 
445 


452 
365 

333 
422 
321 

492 

243 

427 
492 
281 

348 

281 
197 

97 


61 

60 

69 

69 

251 

68 
71 

3 

11 

7 

63 
15 
17 

75 

67 
87 
70 
61 
69 


72 
59 

70 
61 
66 
64 

67 

72 
64 
64 

251 

68 
66 

14 


*  Tension  failure. 


[Continued  on  page  39. 
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TABLE  S.— Continued. 

Data  of  Beams  without  Web  Reinforcement. 

Series  of  1908. 


Cement 

Reinforcement 

Span 

Beam 
No. 

Kind  of 
Concrete 

Kind 

Per  cent 

Description 

Per  cent 

Length 
feet 

214.3 

1-4-8 

AA 

7.3 

4  Hn.  round 

0.98 

6 

214.4 

do. 

AA 

7.7 

do. 

0.98 

6 

214.5 

do. 

AA 

7.7 

dc. 

0.98 

6 

352.1 

do. 

AA 

7.4 

do. 

0.98 

12 

352.2 

do. 

AA 

7.5 

do. 

0.98 

12 

353.2 

do. 

AA 

7.3 

do. 

0.98 

12 

351.1 

do. 

AA 

7.2 

do. 

0.98 

12 

215.3 

1-5-10 

AA 

6.5 

do. 

0.98 

6 

215.4 

do. 

AA 

6.2 

do. 

0.98 

6 

215.5 

do. 

AA 

5.7 

do. 

0.98 

6 

361.1 

do. 

AA 

6.8 

do. 

0.98 

12 

362.1 

do. 

AA 

6.2 

do. 

0.98 

12 

362.2 

do. 

AA 

6.1 

do. 

0.98 

12 

363.2 

do. 

AA 

6.1 

do. 

0.98 

12 

361.2 

do. 

AA 

6.1 

do. 

0.98 

12 

363.1 

do. 

AA 

6.0 

do. 

0.98 

12 

what  greater  area  of  bar  to  resist  bond  stress  than  is  taken  into 
account  in  the  formula.  The  amount  of  this  is  not  large  and  the 
excess  of  bond  area  is  less  than  is  generally  found  in  actual 
reinforced  concrete  construction;  the  effect  upon  calculations  of 
diagonal  tension  and  shear  is  slight.  It  should  be  borne  in  mind 
also  that  in  these  tests  the  load  was  applied  by  increasing  it  con- 
tinuously to  failure.  It  must  be  expected  that  repeated  appli- 
cations of  a  load  will  have  considerable  effect  upon  the  resistance 
of  the  web  to  diagonal  tension,  especially  after  diagonal  cracks 
have  formed.  Just  what  proportion  of  the  load  which  produces 
failure  in  the  ordinary  test  would  finally  cause  failure  by  repetitive 
loading  is  not  known.  The  critical  load  is  probably  between 
that  for  first  crack  and  the  ordinary  breaking  load. 

For  reasons  already  given,  the  vertical  shearing  unit- stress 
will  be  used  as  the  measure  or  means  of  comparison  for  the  resist- 
ance of  concrete  to  diagonal  tensile  stresses,  and  the  values  of  the 
vertical  shearing  stresses  are  given  for  this  purpose.  The  test 
beams  were  planned  to  give  information  along  several  lines, — (a) 
the  effect  of  the  amount  of  cement,  (b)  the  effect  of  the  age  of  the 
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Beam 
No. 

Age 
days 

Load  at 

First 

Diagonal 

Crack 

pounds 

Maximum 

Applied 

Load 

pounds 

Stress  in 
Longi'nal 
Reinforce- 
ment 
lb.  per  sq.in. 

Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 

Bond 
Stress 
lb  per 
sq.  in. 

Control  I 

Modulus  of 

Rupture 
lb.  per  sq.in. 

5eam 

Age 
days 

214.3 

67 

14  450 

14  450 

27  200 

113 

153 

183 

67 

214.4 

72 

12  000 

13  200 

24  800 

103 

139 

140 

70 

214.5 

64 

12  000 

13  800 

26  000 

108 

146 

352.1 

62 

7  500 

9  100 

36  300 

78 

105 

224 

62 

352.2 

65 

7  000 

7  400 

30  100 

65 

88 

353.2 

73 

6  600 

8  020 

32  400 

70 

95 

160 

69 

351.1 

192 

7  000 

7  000 

28  700 

62 

84 

184 

192 

215.3 

66 

9  700 

9  700 

18  800 

80 

108 

132 

79 

215.4 

71 

9  700 

10  000 

19  300 

82 

111 

176 

60 

215.5 

67 

8  900 

8  900 

17  300 

74 

93 

176 

60 

361.1 

67 

6  800 

6  800 

28  400 

62 

84 

173 

70 

362.1 

67 

6  700 

6  700 

28  000 

61 

82 

362.2 

68 

4  300 

4  300 

19  200 

43 

58 

88 

70 

363.2 

73 

3  500 

3  500 

16  200 

37 

50 

94 

69 

361.2 

254 

4  600 

4  600 

19  600 

45 

61 

38 

251 

363.1 

190 

8  010 

8  010 

32  800 

72 

97 

96 

62 

test  beam,  (c)  the  effect  of  the  length  of  beam  as  compared  with 
its  depth,  and  (d)  the  effect  of  the  amount  of  reinforcement. 
These  topics  will  be  discussed  in  order,  together  with  the  relation 
of  the  strength  of  the  beam  to  that  of  the  auxiliary  test  pieces 
and  the  amount  of  the  load  at  which  the  first  diagonal  cracks 
were  noted.  Generally  speaking,  the  beams  were  planned  to 
give  diagonal  tension  failure.  The  results  of  the  tests  of  several 
beams  made  for  other  purposes  have  been  utilized,  however,  in 
order  to  extend  the  range  of  the  work,  even  though  the  failure 
was  not  by  diagonal  tension.  Failures  other  than  by  diagonal 
tension  are  noted  in  the  tables. 

21.  Effect  of  Amount  of  Cement. — The  purpose  of  one  set  of 
tests  was  to  find  the  effect  upon  web  resistance  of  quality  of  con- 
crete as  influenced  by  amount  of  cement  used.  It  is  evident,  of 
course,  that  the  richness  and  the  strength  of  the  concrete  will 
have  a  very  decided  influence  on  resistance  to  web  stresses.     In 
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Table  9  (p.  35,  37  and  39)  are  given  the  values  of  the  vertical  shear- 
ing stresses  for  beams  having  a  variety  of  proportions  of  cement. 
The  effect  of  amount  of  cement  upon  resistance  to  diagonal  ten- 
sion in  beams  of  6-ft.  span  at  an  age  of  about  60  days  is  brought 
out  in  Fig.  8  in  which  values  for  1  %  beams  of  6-ft.  span 
tested  at  an  age  of  about  60  days  are  platted.  The  general  aver- 
age values  of  the  vertical  shearing  unit-stress  for  beams  of  6-ft. 
span  about  60  days  old  for  the  two  years  may  be  stated  as  fol- 
lows: 1-1-2  concrete,  180  and  200  lb-  per  sq.  in.;  1-2-4  concrete, 
130  and  150  lb.  per  sq.  in.,  1-3-6  concrete,  95  and  120  lb.  per  sq. 
in.;  1-4-8  concrete,  80  and  110  lb.  per  sq.  in.  The  results  of  a 
wider  range  of  experiments,  reduced  to  values  for  1  %  rein- 
forcement and  8i-ft.  span  length  (span  =  10  d)  by  the  method 
which  is  explained  on  page  45,  are  platted  in  Fig.  12,  and  are  dis- 
cussed on  page  46. 
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Fig.  8.    Diagram  Showing  Effect  of  Amount  of  Cement  upon  Web 

Resistance. 


The  variation  from  average  values  found  in  individual  beams 
should  be  noted,  and  the  possibility  of  such  variation  suggests 
the  desirability  of  choosing  a  lower. working  stress  than  would 
otherwise  be  necessary.  It  is  evident  from  these  tests  that  the 
addition  of  cement  gives  a  considerable  gain  in  resistance  to  diag- 
onal tension  and  that  a  rich  concrete  should  be  used  in  the  web  of 
reinforced  concrete  beams  which  are  subjected  to  any  consider- 
able amount  of  diagonal  tension,  especially  if  there  is  no  metallic 
web  reinforcement  or  the  web  reinforcement  is  not  effective. 
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Diagram  Showing  Effect  of  Age  upon  Web  Resistance. 


22.  Effect  of  Age. — It  is  important  to  know  at  what  age  con- 
crete may  be  permitted  to  resist  web  stresses,  as,  for  example,  to 
know  the  effect  of  removal  of  forms  and  supports.  In  Fig.  9  the 
vertical  shearing  stress  which  beams  6-ft.  long  developed  at  vari- 
ous ages,  taken  from  Table  9,  are  platted.  These  may  be  ex- 
pected to  represent  the  web  strength  of  beams  of  the  dimensions 
used  for  the  temperatures  and  conditions  of  the  laboratory.  The 
results  show  considerable  variation,  as  is  to  be  expected.  A 
rapid  increase  with  age  may  be  noted  at  the  earlier  ages,  and  a 
slower  change  for  the  older  beams.  The  lean  concretes  attain 
their  strength  more  slowly.  Attention  is  called  to  the  results  of 
Beams  No.  336.3,  361.2  and  363.1  in  Table  .9.  These  results  indi- 
cate little  or  no  gain  beyond  that  attained  in  the  ordinary  test 
period. 

23.  Relation  to  Strength  of  Auxiliary  Test  Pieces. — In  building 
construction  some  auxiliary  test  may  be  used  with  advantage  to 
check  up  the  quality  of  the  concrete  placed  in  beams  in  which 
diagonal  tension  is  the  critical  stress.  The  writer  has  suggested 
the  form  of  flexure  test  piece  here  called  the  "control  beam"  for 
this  purpose.  The  modulus  of  rupture  determined  from  the  test 
of  the  plain  concrete  control  beam  is  representative  of  the  tensile 
strength  of  the  concrete  and  may  be  used  as  its  measure,  although 
it  does  not  give  the  actual  tensile  strength  of  the  concrete.  The 
resistance  of  the  beam  to  diagonal  tension  is  dependent  upon  the 
tensile   strength   of  the  concrete.      If  the  ratio  which    may   be 
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TABLE  If^ 

Vertical  Shearing  Stress,  Modulus  of  Rupture, 

AND  Compressive  Strength. 

The  ratios  given  are  the  ratios  of  the  vertical  shearing  stress  to  the  modulus  of  rupture  of 
control  beams  in  one  case,  and  to  compressive  strengoh  of  6  in.  cubes  in  the  other.  Beams 
have  various  percentages  of  reinforcement.  Except  as  otherwise  noted,  the  age  of  all  beams, 
control  beams  and  cubes  was  approximately  60  days.  The  exact  age  and  amount  of  reinforce- 
ment are  given  in  Tables  6.  8  and  9. 


Vertical 

Control 

Beam 

Modulus  of 

Rupture 

lb.  per 

sq.  in. 

Crushing 

No.  of 
Beam 

Year 

Kind  of 
Concrete 

Shearing 
Stress 
lb.  per 
sq.  in. 

Ratio 

Strength  of 

6-in.  Cubes 

lb.  per 

sq.  in. 

Ratio 

1 

210.1 

1908 

1-1-2 

1       190 

492 

.39 

.       3960 

.048 

210.3 

a 

182 

390 

.47 
Av.     .43 

3570 

.051 
.050 

211.3 

1907 

l-li-3 

]44 

354 

.41 

211.1* 

u 

u 

222 

331 

.67 

4590 

.048 

211.2 

u 

u 

142 

310 

.46 

211.4 

1908 

a 

142 

395 

.36 

3320 

.043 

211.5 

u 

a 

181 

448 

.40 
Av.     .46 

.046 

212.7 

1907 

1-2-4 

138 

336 

.41 

212.1 

a 

u 

155 

228 

.68 

212.2 

u 

u 

162 

305 

.53 

1 

212.5* 

u 

u 

121 

221 

.55 

3290 

.037 

212.6 

( ( 

(( 

132 

246 

.54 

613.2* 

u 

( ( 

144 

280 

.51 

616.2* 

u 

u 

190 

260 

.73 

251.1 

a 

u 

149 

291 

.51 

251.2 

a 

ii 

114 

183 

.62 

251.3 

a 

i  i 

102 

238 

.43 

251.4 

i  i 

i  i 

110 

288 

.38 

417.5 

a 

ii 

100 

229 

.44 

417.6* 

" 

" 

89 

189 

.47     j 

2420 

.037 

611.1 

(( 

( ( 

149 

293 

.51     1 

611.2 

( ( 

( ( 

175 

252 

.69 

612.1 

(< 

ii 

153 

339 

.45 

613.1 

u 

ii 

111        1 

307 

.36 

616.1 

a 

u 

156 

249 

.63 

617.1 

a 

u 

169 

304 

.56 

617.2 

i( 

(( 

173 

304 

.57 

217.2 

1908 

ii 

152 

301 

.51 

2170 

.070 

217.4* 

u 

(( 

187 

439 

.43 

2910 

.064 

218.1 

ii 

u 

188 

333 

.56 

218.2 

li 

u 

175 

422 

.41 

2670 

.066 

218.3 

t( 

(i 

128 

445 

.^^9 

2520 

.051 

218.4 

(( 

u 

133 

1855 

.072 

254.1 

ii 

u 

132 

2100 

.063 

252.6 

n 

( ( 

161 

452 

.36 

2330 

.069 

252.7 

a 

(( 

182 

3055 

.060 

253.5 

(( 

(( 

147 

365 

.41 

3660      1 

.040 

*  For  the  age  of  these  tests  see  Tables  6,  8  and  9. 
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TABLE  10.— Continued. 


No.  of 
Beam 

Year 

Kind  of 
Concrete 

Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 

Control 

Beams 

Modulus  of 

Rupture 
lb.  per 
sq.  in. 

Ratio 

Crushing 

Strength  of 

6-in.  Cubes 

lb.   per 

sq.  in. 

Ratio 

253.6 

1908 

1-2-4 

188 

3060 

.061 

219.1 

u 

' 

193 

333 

.58 

219.2 

u 

i 

169 

422 

.40 

2670 

.063 

240.2 

(i 

u 

161 

321 

.50 

1780 

.090 

255.1 

ii 

. 

151 

492 

.31 

2230 

.068 

255.2 

a 

( 

162 

2460 

.066 

220.5 

u 

( 

155 

243 

.64 

2210 

.070 

220.2 

a 

( 

214 

427 

.50 

2330 

.092 

256.1 

a 

i 

150 

492 

.31 

2230 

.067 

256.2 

a 

i 

172 

281 

.61 

2460 

.070 

253.1 

" 

ii 

174 

Av.     .50 

2330 

.075 
.064 

213.1 

1907 

1-3-6 

98 

178 

.55 

213.2 

u 

( ( 

90 

204 

.44 

213.3 

1908 

u 

170 

281 

.61 

1690 

.101 

213.4 

u 

n 

104 

197 

.53 
Av.     .53 

1120 

.093 
.097 

214.1* 

1907 

1-4-8 

90 

179 

.50 

1315 

.068 

214.2 

u 

77 

174 

.44 

415.1 

( ( 

75 

135 

.56 

415.2 

a 

64 

188 

.34 

415.5 

u 

62 

151 

.41 

415.6 

u 

70 

125 

.56 

214.3 

1908 

113 

183 

.62 

214.4 

" 

103 

140 

.74 

1305 

.079 

352.1 

u 

78 

224 

.35 

1570 

.050 

352.2 

u 

i 

65 

1010 

.064 

353.2 

.( 

70 

160 

.44 
Av.     .50 

820 

.085 
.069 

215.1 

1907 

1-5-10 

84 

174 

.48 

416.5 

a 

49 

109 

.45 

416.6 

u 

i 

54 

118 

.46 

215.3* 

1908 

80 

1.32 

.61 

1100 

.073 

215.4 

u 

82 

176 

.47 

1175 

.070 

215.5 

u 

74 

176 

.42 

900 

.082 

361.1 

(( 

62 

173 

.36 

1025 

.060 

362.1 

a 

61 

870 

.070 

362.2 

a 

43 

88 

.49 

900 

.048 

363.2 

li 

a 

37 

1        94 

.39 
Av.     .46 

600 

.062 
.066 

*  For  the  age  of  these  tests  see  Tables  6.  8  and  9. 
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expected  between  the  vertical  shearing  strength  of  the  reinforced 
concrete  beam  and  the  modulus  of  rupture  of  the  control  beam  be 
established,  this  ratio  and  the  fiexural  strength  of  the  control 
beam  may  be  used  as  a  measure  of  the  quality  of  the  concrete  to 
resist  web  stresses.  It  will  be  seen  that  this  ratio  may  vary  with 
different  proportional  dimensions  of  beams  and  with  different 
amounts  of  cement,  but  if  the  ratios  be  determined  for  the  various 
conditions,  this  method  should  be  helpful  as  an  aid  to  securing 
substantial  construction. 

Table  10  gives  the  ratios  of  the  vertical  shearing  unit-stress 
of  the  reinforced  concrete  beams  to  the  modulus  of  rupture  of  the 
control  beam  for  the  test  beams  for  which  control  beams  were  made 
in  those  cases  where  the  age  of  both  test  beam  and  control  beam 
was  60  days  or  thereabouts,  and  for  a  few  other  cases.  As  only 
one  control  beam  was  made  for  each  test  beam,  it  may  be  expected 
that  there  will  be  considerable  variation  in  the  results.  The  aver- 
age of  the  ratios  is  about  0.50. 

The  values  of  the  modulus  of  rupture  ot  the  control  beams 
may  be  helpful,  in  connection  with  other  tests,  in  determining 
what  Values  should  be  specified  to  secure  a  desired  grade  of 
concrete. 

The  ratio  of  the  vertical  shearing  unit-stress  to  the  compres- 
sive strength  given  by  the  cube  tests  is  also  given  in  Table  10  for 
the  cases  where  the  conditions  of  test  are  comparable,  rhe  ratios 
are  fairly  uniform.  The  usefulness  of  making  field  test  pieces 
for  tests  such  as  the  flexure  test  and  the  compression  test  of 
cubes  or  cylinders  is  a  subject  worthy  of  consideration  by 
constructors. 
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24.  Effect  of  Amount  of  Reinforcement. — Pig.  10  gives  values 
of  vertical  shearing  stress  developed  with  the  several  percentages 
of  reinforcement  used.  These  beams  were  all  of  6  ft.  span  and 
1-2-4  concrete  and  were  tested  at  about  60  days'  age  and  all  failed 
by  diagonal  tension.  It  is  evident  that  the  shearing  stress 
developed  in  these  tests  is  greater  for  beams  with  the  larger  rein- 
forcement. It  is  possible  that  this  change  is  due  to  the  greater 
deformation  (or  greater  curvature  in  the  elastic  curve)  of  the 
beams  having  light  reinforcement.  Possibly  the  fact  that  at  the 
same  load  tension  cracks  will  be  present  in  the  concrete,  at  points 
nearer  the  supports  in  the  beam  with  the  lighter  reinforcement 
on  account  of  the  higher  tensile  stresses  developed  in  the  rein- 
forcing steel,  has  a  bearing  upon  the  difference  in  web  resistance. 
That  the  bond  stresses  developed  are  not  the  occasion  of  the 
variation  may  be  judged  from  the  fact  that  the  beams  reinforced 
with  deformed  bars  carried  no  higher  loads  than  those  with  plain 
round  rods. 
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Pig.  10  has  been  used  for  the  purpose  of  reducing  the  values 
of  shear  found  in  the  various  tests  to  the  basis  of  1  9^  rein- 
forcement, the  amount  of  the  stress  being  platted  at  the  proper 
point  and  then  carried  to  the  1  %  line  by  keeping  propor- 
tionally distant  from  the  curves  shown  in  the  figure.  This 
enables  further  comparisons  to  be  made. 

25.  Eff'ect  of  Ratio  of  Length  of  Span  to  Depth  of  Beam. — In  Pig. 
11  have  been  platted  values  of  web  resistance  for  three  percent- 
ages of  reinforcement  and  for  four  spans  and  length  ratios,  which 
are  thought  to  be  representative  of  the  results  of  the   tests  for 
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1908.  These  have  been  selected  from  average  values  and 
reduced  to  a  common  basis  by  the  use  of  the  other  diagrams.  The 
effect  of  slenderness  of  beam,  as  well  as  of  amount  of  reinforce- 
ment, is  brought  out  in  this  diagram.  The  figure  has  been  used 
in  reducing  other  results  to  a  common  basis,  in  a  manner  similar 
to  that  described  in  the  preceding  paragraph. 

26.  Appearance  of  First  Diagonal  Crack. — The  applied  load  at 
which  the  appearance  of  a  diagonal  crack  was  noted  is  given  in 
Table  9.     In  some  of  the  tests  no  special  care  was  taken  to  observe 


/o  15  2o 

Per  Cenf  of  Cement 
Fig.  12.    Values  for  Web  Resistance. 

the  cracks  and  this  may  account  for  part  of  the  variability  shown. 
In  the  younger  and  leaner  concretes  the  crack  was  noted  but 
little  before  the  maximum  was  reached,  and  frequentlj^  not  until 
failure  occured.  In  the  richer  and  stronger  concretes  more  warn- 
ing generally  was  given,  and  in  some  beams  which  carried  high 
loads  the  diagonal  crack  was  visible  for  some  time  before  failure. 

27.  Value  of  Vertical  Shearing  Stress. — In  Pig.  12  are  platted 
results  of  tests  for  1908 — all  reduced  to  a  basis  of  1  %  rein- 
forcement and  8^- ft.  span  length  (lOc?)  by  the  use  of  Fig.  11,  as 
previously  described.  It  is  seen  that  there  is  a  great  variation 
in  the  results,  and  this  may  be  expected  in  a  material  like  con- 
crete. In  the  selection  of  working  stresses,  allowance  for 
the  possibility  of  such  variations  in  reinforced  concrete  construc- 
tion should  be  made. 

The  marked  effect  of  the  addition  of  cement  is  of  interest,  and 
it  is  evident  that  an  effective  way  to  provide  higher  web  resist- 
ance is  to  increase  the  richness  of  the  concrete.  Attention  is  also 
called  to  the  very  low  strengths  found  in  the  1906  tests,  reported  in 
Bulletin  No.  14. 
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Diagonal  tension  weakness  in  reinforced  concrete  construc- 
tion should  be  guarded  against.  In  failures  by  tension  in  steel  or 
by  compression  in  concrete  warning  may  be  expected  through 
abnormal  deflections,  but  in  beams  without  web  reinforcement 
diagonal  tension  failures  occur  suddenly  and  generally  without 
warning.  It  seems  important,  therefore,  that  relatively  low  work- 
ing stresses  in  shear  be  used  or  that  effective  web  reinforcement 
be  provided,  and  that  special  care  be  taken  in  the  construction  of 
parts  having  high  shearing  stresses. 

B.      BEAMS  WITH  REINFORCING  BARS  BENT  UP. 

28.  Beams  with  Reinforcing  Bars  Bent  up — The  beams  of  this 
series  were  of  1-2-4  concrete  and  6-ft.  span  length .  The  varia- 
tions included  (see  Fig.  13,  14,  and  15)  (a)  bars  bent  up  to  a  point 
2i  in.  below  the  top  of  the  beam  at  the  end,  (b)  bars  bent  up  to 
5  in.  below  the  top,  (c)  bars  bent  up  to  2i  in.  below  the  top  and 
nuts  and  washers  attached  at  the  end  of  the  bars,  (d)  bars  bent 
up  to  5  in.  below  the  top  and  nuts  and  washers  attached,  and  (e) 
part  of  the  bars  bent  up  and  part  of  them  straight.  There  will 
also  be  included  in  this  class  the  beams  made  with  the  Cummings' 
unit  frame.  This  form  of  reinforcement  is  described  on  page  26. 
Table  11,  page  56,  and  Table  12,  page  57,  give  data  of  beams  and 
tests . 

29.  Phenomena  of  Tests  of  Beams  ivith  the  Reinforcing  Bars  Bent 
Up. — As  may  be  expected,  in  the  beams  with  all  the  bars  bent  up, 
as  soon  as  the  concrete  at  the  bottom  was  sufficiently  stretched, 
a  vertical  tension  crack  formed  at  some  point  between  the  beam 
support  and  the  bend  of  the  bar,  extending  from  the  bottom  of 
the  beam  to  the  level  of  the  reinforcing  bars,  (see  Fig.  13,  14, 
and  15).  After  the  formation  of  this  vertical  crack,  the  tension 
in  this  part  of  the  beam  is  taken  mainly  by  the  reinforcing  bar; 
and  as  its  depth  below  the  top  of  the  beam  (and  therefore  the 
moment  arm  of  the  resisting  forces)  is  considerably  less  than  in 
beams  having  the  bars  horizontal  throughout,  the  tensile  stress 
developed  in  the  bar  at  this  section  is  greater  than  in  beams  hav- 
ing the  reinforcement  horizontal  throughout.  The  vertical  shear- 
ing unit-stress  actually  developed  is  also  greater  than  in  beams 
having  the  bars  horizontal,  and  the  resulting  diagonal  tensile 
stress  is  therefore  greater.     As   the   tensile  stress  in  the  steel  at 
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this  section  is  greater  than  when  the  bars  are  horizontal,  the 
amount  of  bond  brought  into  action  toward  the  end  of  the  bar  must 
be  greatly  increased.  There  is  evidently,  then,  a  greater  chance 
for  slip  of  bar  in  such  beams  than  in  beams  where  straight  rein- 
forcement is  used.  The  formation  of  the  vertical  cracks  gives  a 
good  starting  point  for  diagonal  tension  cracks,  and  the  uneven 
distribution  of  stresses  in  the  concrete  due  to  this  crack  makes 
diagonal  tension  failures  occur  at  a  lower  load  than  would  other- 
wise be  the  case.  Generally,  in  these  tests,  in  the  beams  which 
did  not  fail  by  tension  in  the  steel,  the  failure  came  through 
diagonal  tension.  The  inclined  crack  which  opened  up  along  the 
line  of  the  bent-up  bars,  as  the  concrete  below  gradually  split  off, 
may  be  said  to  be  the  occasion  of  final  failure,  though  the  failure 
was  essentially  by  diagonal  tension.  Whether  slip  occurred  after 
this  crack  extended  along  the  bars  nearly  to  their  ends  is  a  mat- 
ter of  some  interest. 

The  action  of  the  beams  having  nuts  and  washers  and  of 
beams  with  part  of  the  bars  straight  will  be  seen  to  be  somewhat 
different  from  the  foregoing. 

The  following  are  brief  notes  of  the  tests.  The  location  of 
the  cracks  is  shown  in  Fig.  13,  14,  and  15.  The  heavy  lines 
indicate  cracks  along  which  failure  took  place.  Reference  may  be 
made  to  Tables  11  and  12. 

No.  511.1.  At  13  000  lb.  the  first  noticeable  crack  appeared  at  2  ft.  to 
right  of  center  and  extended  from  the  bottom  vertically  3  in.  to  the  level 
of  the  reinforcement  and  then  diagonally  toward  the  load  point  5  in.  At 
14  000  lb.  a  vertical  crack  appeared  2  ft.  5  in.  to  left  of  center  and  extended 
to  the  reinforcing  bars.  From  this  point  it  finally  ran  diagonally  almost 
to  the  load  point.  The  beam  failed  at  18  000  lb.,  the  crack  following  the 
reinforcing  bars  to  the  end  of  the  beam.  The  load  then  dropped  quickly  to 
6000  lb.  where  it  remained  constant  for  some  time. 

No.  511.2.  At  13  000  lb.  a  crack  appeared  1  ft.  10  in.  to  left  of  center 
and  extended  to  the  reinforcing  bars.  At  15  000  lb.  this  crack  had  extended 
diagonally  almost  to  the  top  of  the  beam,  4  in.  to  the  left  of  the  load  point. 
The  load  of  15  000  lb.  was  held  for  15  minutes,  due  to  a  break  in  the 
machine.  The  beam  failed  at  20  000  lb.,  the  load  then  dropped  slowly  to 
4000  lb.,  and  the  crack  on  the  left  extended  along  the  reinforcement  almost 
to  the  end  of  the  beam.  An  examination  of  the  beam  made  afterward 
showed  that  the  bars  had  slipped  i  in.  in  the  left  end. 

No,  512.1.  At  15  000  lb.  two  cracks  were  noted,  one  2  ft.  5  in.  to  the 
right  and  the  other  2  ft.  1  in.  to  the  left  of  center,  extending  upward  to 
the  reinforcing  bars.  At  18  000  lb.  a  crack  appeared  2  ft.  6  in.  to  the  left 
of  center  and  extended  to  the  reinforcing  bars,  branching  off  diagonally  to 
the  right  toward  the  load  point  and  to  the  left  along  the  reinforcing  bars. 
The  maximum  load  was  19  000  lb.  and  the  load  gradually  dropped  to  2000  lb. 
An  examination  of  the  beam  showed  that  the  rods  at  the  left  end  had 
slipped  slightly.    The  crack  had  followed  the   reinforcing  bars  to  the  end. 
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No.  512.2.  At  14  0001b.  a  crack  appeared  1  fb.  o  in.  to  left  of  center  and 
extended  toward  the  load  point.  At  16  000  lb.  a  crack  was  observed  2  ft. 
2  in.  to  left  of  center,  which  extended  vertically  to  the  reinforcing  bars  and 
from  here  started  toward  the  load  point.  The  beam  failed  quite  suddenly 
at  a  load  of  17  350  lb.,  and  the  crack  followed  the  reinforcing  bars  to  the 
end  of  the  beam.  An  examination  of  the  beam  showed  that  the  bars  had 
slipped  I  in. 

No.  531.1.  This  beam  failed  in  a  manner  similar  to  No.  512.1  and  at  a 
load  but  500  lb.  greater.  The  crack  at  1  ft.  10  in.  to  right  of  center 
appeared  at  14  000  lb.  and  the  beam  failed  at  19  500  lb.,  the  crack  following 
the  reinforcing  bars  to  the  end  of  the  beam. 

No.  531.2.  At  12  000  lb.  a  crack  appeared  2  ft.  to  left  of  center  and 
extended  vertically  to  the  reinforcing  bars.  At  18  000  lb.  this  crack  was 
5  in.  above  the  bottom  and  was  extending  toward  the  left  load  point.  At 
14  000  lb.  a  similar  crack  appeared  2  ft.  to  right  of  center  and  extended  in 
the  same  way.  At  22  000  lb.  a  slight  hair  crack  was  noted  following  the  line 
of  the  reinforcement.  The  beam  failed  by  the  opening  of  the  crack  at 
24  000  lb. 

No.  532.1.  At  18  000  lb.  a  diagonal  crack  appeared  at  2  ft.  5  in.  to  right 
of  center  and  the  beam  finally  failed  along  this  crack.  The  maximum  load 
was  20  000  lb. 

No.  532.2.  At  the  maximum  load  of  18  0001b.  a  diagonal  crack  extended 
from  the  right  end  toward  the  load  point.  The  bars  slipped  after  the 
diagonal  tension  failure  occurred. 

No.  554.1.  At  13  600  lb.  a  vertical  crack  appeared  1  ft.  10  in.  to  left  of 
center  and  one  2  ft.  to  the  right  of  center  which  extended  4  in.  high  to 
another  crack.  At  17  900  lb.  the  beam  failed  as  shown  in  the  sketch  in 
Fig.  14. 

No.  554.2.  At  10  800  lb.  a  vertical  crack  appeared  2  ft.  to  the  left  of 
center,  extending  up  to  the  reinforcement,  thence  along  the  reinforcement 
to  the  end  of  the  beam.  A  similar  crack  appeared  1  ft.  9  in.  to  the  right 
of  center.  At  a  maximum  load  of  17  500  lb.  the  beam  failed  along  the  crack 
to  the  left  of  center. 

No.  513.1.  At  9  000  lb.  a  crack  appeared  2  ft.  to  left  of  center  and 
extended  vertically  to  the  reinforcing  bars.  The  beam  failed  suddenly  at 
16  700  lb.     The  crack  followed  the  reinforcement  to  its  end. 

No.  513.2.  At  10  000  lb.  a  crack  appeared  2  ft.  to  left  of  center,  extend- 
ing vertically  to  the  reinforcing  bars.  As  the  load  increased  this  crack 
extended  diagonally  toward  the  load  point.  The  beam  failed  at  16  400  lb.; 
this  crack  following  the  reinforcing  bars  to  the  end. 

No.  514.1.  At  10  000  lb.  a  crack  appeared  at  1  ft.  10  in.  to  right  of 
center  and  extended  to  the  reinforcement.  The'  beam  failed  suddenly  at 
21 100  lb.  by  this  crack  running  along  the  reinforcement  to  the  nuts.  At 
failure  a  crack  appeared  at  the  nut,  running  back  toward  the  load  point. 
The  diagonal  crack  shown  closed  up.  This  is  a  peculiar  failure  and  differs 
from  others  of  its  set.  As  noted  elsewhere  the  washers  were  not  locked  to 
the  end  nuts  in  this  beam. 

No.  514.2.  This  beam  is  noteworthy  because  it  failed  through  tension 
in  the  steel,  although  a  crack  was  visible  along  the  reinforcing  bars.  At 
14  000  lb.  a  crack  appeared  to  the  right  of  the  right  load  point  and  finally 
extended  some  distance  toward  the  load  point.  At  19  000  lb.  slight  cracks 
were  seen  following  the  reinforcement  from  this  crack.  At  16  000  lb.  a 
vertical  crack  3  in.  long  appeared  at  the  center  and  also  a  crack  below  the 
left  load  point  which  extended  upward  4  in.  At  the  maximum  load  of 
22  200  lb.  this  crack  was  8  in.  high,  and  opening  considerably,  showing  fail- 
ure by  tension  in  the  steel.  At  18  000  lb.  a  vertical  crack  6  in.  long  was 
noted  1  ft.  6  in.  to  left  of  center  and  at  the  maximum  load  it  was  8  in.  long. 
The  deflection  of  the  beam  at  the  maximum  load  was  0.2  in.  and  the  load 
remained  within  1000  lb.  of  the  maximum  until  the  deflection  was  0.43  in. 
Crushing  of  the  concrete  at  the  top  of  the  beam  occurred  under  the 
increased  deflection. 
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No.  514.3.  At  12  000  lb.  a  crack  appeared  1  ft.  8  in.  to  right  of  center 
and  extended  vertically  4  in.  At  18  000  lb.  a  crack  had  branched  off  from 
the  first  crack  and  followed  the  reinforcement  for  a  short  distance.      At 

22  000  lb.  a  crack  appeared  under  the  right  load.    At  the  maximum  load  of 

23  500  lb.  this  crack  was  8  in.  high  and  as  the  deflection  of  the  beam  was 
increased  the  crack  opened  up  almost  to  the  top  of  the  beam  and  finally  the 
concrete  began  to  crush  at  the  top.  The  beam  failed  by  tension  in  the 
steel.  The  effect  of  the  anchorage  is  shown  in  that  the  inclined  crack 
did  not  extend  to  the  end  of  the  bar. 

No.  541.1.  At  16  000  lb.  the  first  crack  appeared  at  1  ft.  10  in.  to  left 
of  center  and  was  2^  in.  long.  At  18  000  lb.  it  had  extended  toward  the  load 
point  until  it  was  5  in.  from  the  bottom  of  the  beam  and  at  28  000  lb.  it 
was  7  in.  A  similar  crack  appeared  at  1  ft.  10  in.  to  right  of  center  at 
18  000  lb.  and  at  26  000  lb.  this  crack  was  visible  7  in,  above  the  bottom  of 
the  beam.  At  18  000  lb.  cracks  were  noted  under  the  two  load  points.  At 
22  000  lb.  a  crack  5  in.  to  right  of  center  was  2  in.  high.  At  the  maximum 
load  of  29  600  lb.  this  crack  was  6  in.  long.  This  load  was  held  almost  con- 
stant for  some  time  and  the  beam  failed  by  tension  in  the  steel,  followed  by 
crushing  of  the  concrete  at  the  top  of  the  beam. 

No.  541.2.  This  beam  failed  in  a  manner  similar  to  No.  541.1.  At 
12  000  lb.  the  first  crack  appeared  1  ft.  7  in.  to  right  of  center  and  extended 
4  in.  toward  the  load  point.  At  14  000  lb.  a  similar  crack  appeared  1  ft. 
10  in.  to  left  of  center.  At  16  000  lb.  this  crack  was  8  in.  above  the  bottom 
of  the  beam.  At  16  000  lb.  a  small  vertical  crack  was  observed  near  the 
center.  The  maximum  load  was  28  450  lb.  The  beam  failed  by  tension  in 
the  steel. 

No.  551.1.  At  14  000  lb.  a  crack  appeared  1  ft.  10  in.  to  right  of  center, 
extending  vertically  3  in.  At  16  000  lb.  a  similar  crack  appeared  2  ft.  1  in. 
to  left  of  center.  At  22  000  lb.  a  slight  vertical  crack  was  noted  under  the 
right  load  point.  This  gradually  extended  upward  until  the  maximum  load 
of  24  700  lb.  was  reached.  The  beam  failed  by  tension  in  the  steel  and  an 
examination  showed  that  the  rods  had  scaled.  The  cracks  in  the  other  one- 
third  did  not  develop  to  any  extent. 

No.  551.2.  At  14  000  lb.  two  cracks  appeared;  one  2  in.  long  at  the  right 
one-third  point  and  one  4  in.  long  near  the  left  one-third  point.  At  16  000 
lb.  a  vertical  crack  6  in.  long  was  noted  1  ft.  11  in.  to  left  of  center.  At 
18  000  lb.  three  more  vertical  cracks  were  noted  in  the  middle  third.  The 
beam  failed  at  a  load  of  22  000  lb.  by  the  crack  in  the  left  third  of  the  beam 
extending  to  the  load  point  and  at  the  same  time  following  the  line  of  hor- 
izontal reinforcement.  This  diagonal  tension  failure  wf\s  at  a  load  which 
nearlv  developed  the  elastic  limit  of  the  steel. 

No.  552.1.  At  22  000  lb.  a  crack  appeared  10  in.  to  left  of  left  load 
point  5  in.  high  and  at  23  000  lb.  one  14  in.  to  right  of  right  load  point  4  in. 
high.  Failure  at  25  000  lb.  by  the  extension  of  the  first  crack  to  the 
load  point. 

No.  552.2.  At  24  000  lb.  a  crack  appeared  10  in.  to  right  of  right  load 
point  5  in.  high,  and  at  25  000  lb.  one  17  in.  to  right  of  right  load  point  5  in. 
high.  At  28  000  lb.  these  cracks  were  opening  and  lengthening.  At  30  000 
lb.  the  cracks  were  extended  well  toward  the  load  point.  Final  failure  came 
at  the  left  end,  the  crack  reaching  from  support  to  load  point. 

No.  553.1.  At  24  000  lb.  a  diagonal  crack  appeared  2  ft.  4  in.  to  right  of 
center  and  at  24  700  lb.  one  at  2  ft.  10  in.  to  left  of  center.  These  cracks 
gradually  lengthened  and  at  28  800  lb.  the  beam  failed  by  diagonal  tension. 
It  will  be  noted  that  the  failure  crack  extended  to  the  support. 

No.  553.2.  At  24  000  lb.  a  diagonal  crack  appeared  1  ft.  10  in.  to  right 
of  center,  at  25  000  lb.  another  at  2  ft.  5  in.  to  right  of  center,  and  at  26  000 
lb.  one  at  2  ft.  6  in.  to  left  of  center.  These  cracks  gradually  opened  and 
lengthened  and  at  31000  lb.  the  maximum  load  was  reached.    The  crack  at 
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the  right  end  extended  almost  to  the  load  point,  and  the  final  failure  came 
at  the  crack  at  the  left  end  which  reached  from  support  to  load  point. 

No.  521.1.  This  is  the  Cummings'  unit  frame  reinforcement.  It  should 
be  noted  that  the  cracks  outside  the  load  points  were  small  and  did  not  ex- 
tend far,  and  that  failure  was  by  tension  in  the  steel  at  a  high  vertical 
shearing  stress.  At  20  000  lb.  the  first  crack  appeared  at  4  in.  to  right  of 
center  and  extended  upward  4  in.  At  22  000  lb.  a  crack  appeared  2  ft.  0  in. 
to  right  of  center,  extending  upward  6  in.  Another  crack  4  in.  long  was 
noted  1  ft.  5  in.  to  the  left  of  center,  inclined  toward  the  load  point.  At 
28  000  lb.  slight  vertical  cracks  were  noted  1  ft.  10  in.  to  right  of  center  and 
2  ft.  8  in.  to  left  of  center.  The  beam  failed  by  tension  in  the  steel  at  the 
crack  near  the  center,  the  maximum  load  being  31 100  lb.  The  load  ran 
near  the  maximum  for  some  time  as  the  deflection  was  increased  and  finally 
the  concrete  crushed  slowly  at  the  top. 

No.  521.2.  Another  Cummings'  reinforcement.  The  first  noticeable 
crack  was  at  the  center  of  the  beam  at  16  000  lb.,  extending  upward  3  in. 
At  18  000  lb.  a  slight  crack  appeared  at  the  left  one-third  point.  At 
20  000  lb.  two  cracks  appeared  both  inclined  toward  the  load  points,  one 
2  ft.  3  in.  to  left  of  center  and  the  other  2  ft.  to  right  of  center.  At  22  000 
lb.  a  vertical  crack  appeared  at  8  in.  to  right  of  center  and  at  24  000  lb.  at 
6  in.  to  left.  At  26  000  lb.  a  crack  6  in.  long  appeared  1  ft.  6  in.  to  left 
of  center  and  inclined  toward  the  load  point.  At  the  maximum  load  of 
35  000  lb.  the  crack  at  the  center  had  gradually  extended,  opening  up.  and 
the  beam  failed  by  tension  in  the  steel.  The  load  remained  near  the  maxi- 
mum under  further  deflection  and  crushing  of  the  concrete  at  the  top  of 
the  beam  finally  occured.  The  beam  held  34  000  lb.  until  a  deflection  of 
nearly  0.5  in.  had  been  reached.  The  outer  cracks  had  not  developed  par- 
ticularly and  there  was  no  appearance  of  cracks  in  the  direction  of 
the  reinforcement. 

No.  521.5.  Another  Cummings'  reinforcement.  At  20  000  lb.  a  crack 
appeared  2  ft.  3  in.  to  right  of  center,  inclined  slightly  toward  the  left.  At 
24  000  lb.  slight  vertical  cracks  were  noted  at  the  left  one-third  point.  At 
26  000  lb.  a  crack  appeared  2  ft.  4  in.  to  left  of  center  and  inclined  toward 
the  load  point.  At  this  load  a  vertical  crack  2  in.  long  was  observed  li  in. 
to  right  of  center.  At  32  500  lb.  this  crack  had  opened  almost  to  the  top  of 
the  beam  and  the  beam  failed  by  tension  in  the  steel.  The  load  carried 
dropped  and  crushing  of  the  concrete  finally  occurred. 

No.  521.6.  Another  Cummings'  reinforcement.  At  16  000  lb.  an  inclined 
crack  6  in.  long  was  visible  2  ft.  4  in.  to  left  of  center.  At  18  000  lb.  an  in- 
clined crack  1  ft.  11  in.  to  right  of  center  appeared  which  at  26  000  lb.  had 
extended  8  in.  from  the  bottom  of  the  beam.  It  finally  reached  almost  to 
the  load  point.  At  18  000  lb.  a  vertical  crack  2  in.  long  appeared  6  in.  to 
left  of  center.  At  20 000  lb.  a  vertical  crack  2  in.  long  was  noted  at  the 
center  of  the  beam.  The  beam  carried  a  maximum  load  of  26  200  lb.  The 
deflection  diagram  is  somewhat  different  from  the  other  beams.  The 
method  of  failure  was  evidently  by  tension  in  the  steel  aided  by  a  yielding 
of  the  concrete  which  decreased  the  moment  arm.  The  stress  in  the  steel 
is  therefore  greater  than  the  calculations  make  it.  There  was  evidence 
that  the  concrete  in  this  beam  was  not  so  good  as  in  the  other  beams. 

30.  Web  Resistance  luith  All  Bars  Bent  Up. — It  seems  to  make  lit- 
tle difference  in  results,  either  as  to  the  load  carried  or  as  to  the 
manner  of  failure,  whether  the  bars  were  bent  up  to  a  point  close 
to  the  top  of  the  beam  or  to  a  point  5  in.  below  the  top.  For  No. 
511.1  and  511.2  the  value  of  the  nominal  vertical  shearing  stress 
developed  was  145  lb.  per  sq.  in.  and  for  No.  512.1  and  512.2,  140 
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lb.  per  sq.  in.  In  both  sets  vertical  cracks  (see  Pig.  13,  14,  and  15) 
appeared  in  the  outer  thirds  of  the  span  length,  running  up  to 
the  reinforcing  bars.  These  cracks  formed  at  a  nominal  vertical 
shearing  stress  averaging  105  lb.  per  sq.  in.  in  No.  511.1  and 
511.2,  and  112  lb.  per  sq.  in.  in  No.  512.1  and  512. 2.  These  cracks 
generally  appeared  at  points  about  7  in.  from  the  supports,  though 
in  one  beam  the  crack  which  caused  failure  was  14  in.  from  the 
support.  The  diagonal  crack  extended  well  to  the  load  point 
before  the  maximum  load  was  reached.  Under  these  conditions  the 
inclined  crack  along  the  reinforcing  bars  extended  and  opened, 
due  mostly  to  the  stiffness  of  the  lower  segment  of  the  beam  next 
to  the  support  which  had  no  stresses  tending  to  bend  it.  At  final 
failure  there  was  a  slip  of  the  bars  at  their  ends,  although  the 
diagonal  crack  was  the  real  cause  of  failure.  The  opening  or 
extension  of  the  inclined  cracks  helped  to  concentrate  the  bond 
stresses  near  the  end  of  the  bar  until  these  stresses  must  have 
become  very  large.  The  result  of  No.  513.1  and  513.2,  in  which 
the  bars  were  hooked  downward  at  their  ends,  indicates  that  the 
bars  were  peeled  off,  so  to  speak,  although  in  this  case  the  tension 
in  the  rod  would  have  to  be  carried  around  its  end  through  the 
concrete.  In  passing,  it  may  be  noted  that  it  had  been  planned 
to  hook  these  bars  upward  but  the  workmen  made  the  bend  down- 
ward. 

No.  531.1  and  531.2,  which  had  a  higher  percentage  of  rein- 
forcement and  therefore  had  developed  less  stretch  in  the  steel  and 
less  bond  stress  at  a  given  load  and  less  deflection,  gave  results 
higher  than  512.1  and  512.2,  say  20  per  cent  more,  though  the 
method  of  failure  was  the  same.  The  amount  of  bond  surface  avail- 
able was  20  per  cent  greater.  No.  532. 1  and  582.2,  which  were  rein- 
forced with  corrugated  bars,  developed  a  value  of  the  nominal 
vertical  shearing  stress  of  150  lb.  per  sq.  in.;  No.  554.1  and  554.2 
gave  lower  results,  138  lb.  per  sq.  in.  As  the  bond  surface  avail- 
able in  these  four  beams  was  about  the  same  as  in  No.  531.1  and  531.2 
and  as  the  deformed  bar  would  have  much  greater  bond  resist- 
ance, it  would  seem  that  the  failure  of  the  beams  with  bars  bent 
up  was  not  due  primarily  to  slip  of  bars.  A  more  probable  occa- 
sion of  failure  is  the  splitting  of  the  concrete  along  the  line  of 
the  inclined  bars  after  the  diagonal  cracks  have  formed  by  rea- 
son of  the  lack  of  flexural  action  in  the  concrete  below  the  inclined 
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TABLE  11. 

Data  of  Beams  with  Eeinforcing  Bars  Bent  Up. 

Series  of  1907. 

Span  length  6  feet. 


I 

I 


Beam 

Kind 

of 
Con- 
crete 

Cencent 

Longitudinal    Reinforcement 

No. 

Kind 

Per 

cent 

Description 

Per 

cent 

Disposi-.ion 

511.1 
511.2 
512.1 
512.2 

531.1 
531.2 

532.1 
532.2 
554.1 
554.2 

513.1 
513.2 

514.1 
514.2 
514.3 

541.1 
541.2 

551.1 
551.2 
552.1 
552.2 

553.1 
553.2 

521.1 
521.2 
521.5 
521.  () 

1-2-4 
do. 
do. 
do. 

do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 

do. 
do. 
do. 

do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 

do. 
do. 
do. 
do. 

AA 
AA 
AA 
AA 

AA 
AA 

AA 
AA 
AA 
AA 

AA 
AA 

AA 
AA 
AA 

AA 
AA 

AA 

AA 
AA 
AA 

AA 
AA 

AA 

AA 

U 

U 

16.7 
16.5 
16.3 
15.7 

15.7 
15.5 

14.6 
14.3 
17.5 
14.3 

15.1 
15.6 

16.0 
15.8 
15.5 

15.9 
16.0 

15.6 
15.5 
15.1 
15.9 

15.9 
15.1 

15.8 
15.9 
15.2 
16.1 

4  Hn.  round 
do. 
do. 
do. 

4  f-in.  round 
do. 

4  Hn.  cor.  h.  s. 
do. 
do. 
do. 

4  Hn.  round 
do. 

do. 
do. 
do. 

4  l-in.  round 
do. 

4  i-in.  round 

do. 
4  l-in.  round 

do. 

4  ^-in.  cor.  h.  s. 
do. 

Cummings'  welded 
loops,  2  l-in.   and 
4  §-in.  round 

0.98 
0.98 
0.98 
0.98 

1.53 
1.53 

1.25 
1.25 
1.25 
1.25 

0.98 
0.98 

0.98 
0.98 
0.98 

1.53 
1.53 

0.98 
0.98 
1.53 
1.53 

1.25 
1.25 

1.32 
1.32 
1.32 
1.32 

Bent  to  2i  in.  of  top 

do. 
Bent  to  5  in.  of  top 

do. 

do. 
do. 

do. 

do. 

Bent  to  2^  in.  of  top 

do. 

Bent  to  2i  in.  of  top  and 
hooked  downward    at 
ends 

Bent  to  2i  in.  of  top,  with 
nuts  and  washers 
do. 

Bent  to  5  in.  of  top, with 
nuts  and  washers 

Two  bars  to  2^  in.  of  top, 
two  bars  straight 
do. 
do. 

do. 
do. 

Bent   up   at  two  points 
and   fastened  to  cross 
ties 

part  of  the  bars.  Beams  with  the  heavier  reinforcement  would 
have  less  deflection  for  the  same  load  and  as  this  gives  a  Hatter 
elastic  curve  the  tendency  for  the  inclined  crack  to  form  would 
be  less. 
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TABLE  12. 

Tests  of  Beams  with  Reinforcing  Bars  Bent  Up. 

Series  of  1907. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 
No. 


Age 
days 


Load  at 
First 

Diagonal 
Crack 
pounds 


Maximum 
Applied 

Load 
pounds 


Stress  in 
Longitudi- 
nal 
Reinforce- 
ment 
lb.  per 
sq.  in. 


Nominal 
Vertical 
Shearing 
Stress 
lb.  per 
sq.  in. 


Nominal 
Bond 
Stress 
lb.  per 
sq.  in. 


Control  Beam 


Modulus 
of 

Rupture 
lb-  per 
sq.  in. 


Age 
days 


511.1 
511.2 
512.1 

512.2 

70 
65 
70 
63 

531.1 
531.2 

63 
62 

532.1 
532.2 
554.1 
554.2 

62 
61 
61 
61 

513.1 
513.2 

70 
62 

514.1 

614.2* 

514.3* 

65 
62 
63 

541.1* 
541.2* 

61 
62 

551.1* 
651.2 
552.1 
552.2 

63 
67 
59 
59 

553.1 
553.2 

59 
59 

521.1* 
521.2* 
521.5* 
621.6* 

63 
67 
61 
62 

13  000 

13  000 
15  000 

14  000 

14  000 
12  000 

18  000 
18  000 


10  000 

10  000 
14  000 


16  000 
12  000 

14  000 
14  000 
22  000 
20  000 

24  000 
24  000 

22  000 
20  000 
20  000 
16  000 


18  000 
20  000 

19  000 

17  400 

19  500 
24  000 

20  600 

18  000 
17  900 
17  500 

16  700 
16  400 

21  100 

22  200 

23  500 

29  600 

28  450 

24  700 
22  000 

25  000 

29  200 

28  800 
31  000 

31  100 
35  000 

32  500 

26  200 


33  100 
36  800 
55  000 
32  100 

23  500 
28  900 

30  000 
26  300 
26  200 
25  600 

30  800 
30  300 

38  700 
40  700 

43  000 

35  400 

34  200 

45  200 

40  400 
30  100 

35  000 

41  700 
45  000 

42  800 
4»  200 

44  800 

36  200 


138 
153 
146 
134 

153 

187 

159 
140 
139 
136 

129 
127 

161 
1(9 
179 

229 

220 

J  88 
168 
194 
226 

220 
240 

238 
266 

248 
201 


186 
207 
197 
181 

156 
191 

159 
140 
139 
136 

174 
172 

218 

228 
242 

234 
224 

254 

227 
198 
230 

220 
240 


231 
363 
24  L 
275 

207 
346 

291 

288 

238 

239 
284 

207 
253 
346 

245 
304 

284 
294 
352 
266 

266 
352 

213 
245 
313 
231 


60 
64 
60 
62 

62 
63 

63 
61 

61 

60 
63 

64 
62 
63 

60 
61 

63 
60 
59 
60 

60 
59 

62 
60 
60 
61 


*  Tension  failure. 

The  values  for  the  nominal  ver-tical  shearing  stress  in  the 
beams  under  consideration  do  not  differ  much  from  the  vertical 
shearing  stresses  developed  in  the  beams  of  the  1907  series 
having  reinforcing  bars  horizontal,  and  hence  no  gain  in  resist- 
ance was  obtained  by  bending  up  the  bars  in  this  way.     Of  course, 
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if  calculations  be  made  on  the  basis  of  the  distance  of  the  bars 
from  the  top  of  the  beam  at  the  point  where  the  diagonal  crack 
started,  the  stress  so  calculated  will  be  two  or  three  times  as 
great.  For  the  same  reason  the  bond  stress  near  the  end  of  the 
bars  will  be  much  higher  than  the  nominal  bond  stress  given  in 
the  tables.  There  is,  therefore,  a  high  tendency  to  slip,  particu- 
larly after  the  inclined  cracks  have  opened  some  distance.  There 
is  an  advantage  over  the  construction  with  the  bars  straight  in 
that  failure  of  the  beams  was  less  sudden  and  there  was  more 
warning. 

Attention  is  called  to  the  low  strengths  found  in  beams  with 
poor  concrete  in  the  1906  tests  (Bulletin  No.  14,  page  27). 

31.  Web  Resistance  luith  Anchored  Bars. — Of  the  beams  having 
the  reinforcing  bars  anchored  with  nuts  and  washers,  No.  514.1 
failed  suddenly  at  a  nominal  vertical  shearing  stress  of  161  lb. 
per  sq.  in.,  but  the  segment  at  the  support  split  off  as  shown  in 
Fig.  14,  and  the  small  diagonal  crack  which  had  formed  closed 
up.  It  should  be  noted  that  in  this  beam  the  washers  were  not 
fastened  against  the  nuts  and  there  was  chance  for  slip  before 
the  washers  had  solid  anchorage.  As  the  other  two  beams  of  this 
set  contained  a  second  nut  which  locked  the  washer  in  position , 
it  is  possible  that  this  difference  in  construction  explains  the 
lower  value  and  the  failure  of  No.  514.1.  In  No.  514.2  and  514.3 
an  inclined  crack  following  the  bars  for  a  short  distance  was 
visible  atone  end  of  the  beam  for  some  time  before  failure,  but  the 
manner  of  failure  was  by  tension  in  the  steel.  Beams  No.  541.1 
and  541.2,  having  1.53  %  reinforcement  and  nuts  and  washers 
at  the  ends,  also  failed  by  tension  of  the  steel,  developing  the 
high  nominal  vertical  shearing  stresses  of  229  and  220  lb.  per  sq.in. 
The  diagonal  cracks  which  had  formed  were  closer  to  the  load 
points  than  were  those  in  beams  having  the  bars  anchored.  The 
general  distribution  and  direction  of  the  cracks  are  quite  differ- 
ent from  those  of  the  other  beams,  and  it  appears  that  consider- 
able arch  action  must  have  developed.  It  seems  evident  from 
these  tests  that  anchorage  of  bars  at  the  ends,  in  beams  with  bars 
bent  up,  if  securely  arranged,  may  be  advantageous  in  increasing 
web  resistance.  It  is  true,  also,  that  this  form  of  construction  is 
an  insurance  agains'.  failure  at  low  loads  through  defective  con- 
crete or  insufficient  bond. 
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32.  Web  Resistance  with  Part  of  the  Bars  Bent  Up. — In  the 
beams  in  which  two  bars  were  bent  and  two  were  left  straight, 
vertical  cracks  formed  outside  the  load  points  at  about  the  same 
loads  as  in  the  other  beams.  No.  551.1  failed  by  tension  in  the 
steel  at  a  nominal  vertical  shearing  stress  of  188  lb.  per  sq.  in. 
without  the  diagonal  tension  cracks  extending  very  far.  In  No. 
551.2  failure  by  diagonal  tension  came  at  a  nominal  shearing  stress 
of  168  lb.  per  sq.  in.,  the  diagonal  cracks  extending  to  the  load 
point  and  a  crack  following  the  line  of  the  horizontal  reinforce- 
ment. No.  552.1  and  552.2  failed  by  diagonal  tension  at  an  aver- 
age nominal  vertical  shearing  stress  of  210  lb.  per  sq.  in.  It  will 
be  noted  that  the  bars  of  these  beams  have  more  bond  surface 
available  and  that  the  increased  amount  of  reinforcement  makes  a 
stiffer  beam  than  No.  551.2.  No.  552.1  and  552.2,  reinforced  with 
round  rods,  and  No.  553.1  and  553.2,  reinforced  with  corrugated 
bars,  developed  high  resistance  to  diagonal  tension,  the  nominal 
vertical  shearing  stress  averaging  210  and  230  lb.  per  sq.  in., 
respectively.  This  is  a  high  web  resistance.  The  position  and 
distribution  of  the  cracks  are  quite  different  from  those  in  the 
preceding  beams. 

It  is  seen  that  beams  with  part  of  the  bars  bent  up  and  part 
left  straight  developed  higher  resistance  to  diagonal  tension  than 
beams  with  all  bars  horizontal  or  beams  with  all  bars  bent  up. 
It  is  evident  also  that  to  secure  best  results  in  providing  against 
diagonal  tension  stresses,  the  diagonal  bars  should  be  well  dis- 
tributed through  the  part  of  the  beam  where  high  web  resist- 
ance is  needed.  This  may  be  accomplished,  when  there  are 
several  bars,  by  bending  the  bars  in  two  or  more  lines  parallel  to 
each  other,  as  is  shown  in  the  Cummings'  reinforcement,  and  as 
is  common  practice  with  the  ordinary  reinforcement.  It  may 
be  expected,  then,  that  good  results  may  be  obtained  by  bending 
up  part  of  the  bars  if  proper  care  is  taken  to  get  a  good  distri- 
bution of  the  diagonals. 

33.  Web  Resistance  of  Cummings^  Reinforcement. — As  noted  on 
page  54,  all  the  beams  reinforced  with  the  Cummings'  system  of 
reinforcement  failed  by  tension  in  the  steel.  The  nominal  verti- 
cal shearing  stress  developed  was  high,  averaging  238  lb.  per  sq. 
in. ;  how  much  greater  stress  could  have  been  developed  is  not 
known.     The  cracks  in  the  outer  thirds  of  the  span  length  were 
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well  distributed  and  opened  up  very  little.  The  principle  on 
which  this  form  of  reinforcement  is  based  seems  rational, — the 
main  reinforcement  is  carried  horizontally  to  the  end  of  the  beam, 
the  smaller  bars  are  bent  up  and  this  bending  is  made  in  two 
planes  (i.  e.,  begins  at  two  points),  the  bars  are  brought  together 
at  their  ends  and  thus  are  anchored,  and  the  reinforcement  is  con- 
nected by  a  cross  bar  at  the  points  where  bending  up  begins, 
which  aids  in  distributing  the  web  stresses  among  the  bars.  It 
does  not  seem  that  welding  the  bars  at  the  loop  is  essential,  bend- 
ing them  around  with  sufficient  anchorage  may  give  the  same 
effect,  and  other  devices  of  similar  make-up  may  be  expected  to 
give  good  results.  It  may  be  added  that  a  unit  frame  has  many 
advantages  in  reinforced  concrete  construction,  one  important 
feature  being  to  insure  that  the  reinforcement  is  properly  placed 
and  is  retained  in  the  proper  place  during  fabrication. 

C.      BEAMS   WITH   STIRRUPS. 

34.  Beams  with  Stirrups. — Tests  of  43  beams  having  stirrups 
for  web  reinforcement  are  included  in  the  1907  series,  and  12 
beams  in  the  1908  series.  A  classification  of  the  beams  according 
to  the  longitudinal  and  the  web  reinforcement  used  may  be  made 
as  follows:  (a)  longitudinal  reinforcement, — (1)  smooth  round 
bars,  (2)  deformed  bars;  (b)  stirrups, — (1)  smooth  round  rods,  (2) 
smooth  round  rods  bent  at  top,  (3)  smooth  round  rods  having  a 
reduced  section,  (4)  smooth  round  rods  wrapped  with  paper  for  a 
part  of  their  length,  (5)  corrugated  bars  of  high  elastic  limit,  (6) 
corrugated  bars  of  mild  steel.  In  addition  to  these,  test  beams 
were  made  of  1-5-10  concrete  to  determine  the  effect  of  poor  con- 
crete. Other  beams  were  tested  to  study  the  effect  of  unsymmet- 
rical  loading.  The  tests  were  planned  with  a  view  of  determining 
the  amount  of  stress  (tension  and  bond)  developed  in  the  stirrups. 
However,  for  various  i^easons,  the  results  are  of  less  value  than 
was  expected.  The  beams  were  not  all  made  according  to  the 
plans.  In  the  1907  tests,  the  stirrups  in  a  few  of  the  beams  were 
poorly  placed  and  even  left  exposed  at  the  face  of  the  beam,  and 
a  variation  in  the  temperature  conditions  of  the  laboratory  also 
affected  the  results.  It  is  evident  from  the  results  that  the  stresses 
developed  in  the  stirrups  are  less  than  they  were  calculated  to  be, 
and  hence  the  layout  was  not  well  planned  to  settle  the  points  at 
issue.     The  tests,  however,  give  considerable  information  on  the 
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effectiveness  of  stirrups  in  providing  web  resistance. 

Tables  13,  p.  62  and  64,  and  14,  p.  63  and  65,  give  data  of  the 
beams  and  of  the  tests.  The  values  of  tensile  stress  in  stirrups 
were  obtained  by  equation  (21)  as  described  on  page  18.  The  bond 
stresses  developed  were  calculated  as  described  on  page  20,  using 
as  the  bond  surface  the  surface  area  of  the  stirrup  for  six-tenths 
of  the  distance  from  the  top  of  the  beam  to  the  center  of  the  lon- 
gitudinal reinforcement. 

35.  Phenomena,  of  Tests. — It  seems  evident  from  the  tests  that 
the  stirrups  did  not  take  much  stress  until  after  the  formation  of 
diagonal  cracks.  Diagonal  cracks  appeared  on  the  surface  of  the 
beam  at  loads  giving  the  same  vertical  shearing  stress  v  as  those 
at  which  cracks  appear  in  beams  of  the  same  span,  reinforcement, 
and  quality  of  concrete  not  having  web  reinforcement,  or  at  loads 
somewhat  greater.  A  good  illustration  of  the  way  in  which  de- 
formations begin  to  show  in  stirrups  is  given  in  Bulletin  No.  28, 
"A  Test  of  Three  Large  Reinforced  Concrete  Beams."  The  dia- 
gram of  vertical  readings  (Fig.  10,  p.  22)  shows  first  a  vertical 
shortening  followed  by  elongation.  The  point  of  beginning  of 
marked  elongation  is  at  or  near  the  load  at  which  diagonal  cracks 
appeared  in  the  other  beam  test.  It  seems  evident  that  there  is 
very  little  elongation  in  stirrups  until  the  first  diagonal  crack 
forms,  and  hence  that  up  to  this  point  the  concrete  takes  prac- 
tically all  the  diagonal  tension.  If,  after  diagonal  cracks  have 
formed,  the  load  is  released  and  then  reapplied,  the  stirrups  will 
take  stress  from  the  beginning.  This  is  discussed  in  Bulletin 
No.  28  already  referred  to. 

After  the  cracks  become  visible,  the  stirrups  take  tensile  and 
bond  stresses,  and  the  diagonal  cracks  extend  and  enlarge.  Fin- 
ally the  diagonal  cracks  enlarge  considerably.  The  inability  to 
carry  a  greater  load  was  essentially  a  diagonal  tension  failure  in 
all  cases  where  failure  occurred  outside  the  load  points.  A  feature 
of  the  tests  of  beams  with  stirrups  is  slow  failure,  the  load 
holding  well  up  to  the  maximum  under  increased  deflection  and 
giving  warning  of  its  condition. 

Not  enough  information  was  obtained  to  determine  the  actual 
final  occasion  of  failure  in  these  tests.  In  a  number  of  cases  the 
stirrups  slipped,  in  others  it  seemed  that  the  steel  in  the  stirrups 
was  stretched   beyond  its  elastic  limit,   and  in  some  cases  the 
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TABLE  13. 

Data  of 

^  Beams  with  Stirrups. 

Series  of  1907. 

1 

Beam 

Kind  of 
Concrete 

Cement        ; 

Longitudinal  Reinforcement 

Stirrups 

No. 

1 

Kind 

Per 

cent 

Description 

Per 

cent 

Description 

Spac- 
ing 

231.1 
231.5 
231.6 

1-2-4 
do. 
do. 

AA 

U 
U 

18.3  1 

15.8 

15.5 

4  i-in.  cor.  bars 
do. 
do. 

1.25 
1.25 
1.25 

i-in.  cor.  h.  s. 
do. 
do. 

6 
6 
6 

232.1 
232.2 
232.5 
232.6 

do. 
do. 
do. 
do. 

AA 
AA 

U 

U 

18.3 
16.3 
16. 
16. 

do. 
do. 
do. 
do. 

1.25 
1.25 
1.25 
1.25 

i  in.  cor.  m.  s. 
do. 

do.             1 
do.            1 

4 
4 
4 
4 

2:3.1 
233.2 
233.5 
233.6 
233.7 

do. 
do. 
do. 
do. 
do. 

AA 

A  A 
U 
U 
U 

18.7 
16.3 
16.2 
13.9 
15.3 

do. 
do. 
do. 
do. 
do. 

1.25 
1.25 
1.25 
1.25 
1.25 

i-in.  cor.  m.  s. 

do. 

do. 
i-in.  round 
f-in.  round 

8 
8 
8 
8 
8 

235.1 
235.2 
235.5 
235.6 

1-5-10 
do. 
do. 
do. 

AA 
AA 

U 
U 

6.4 
7.2 
6.3 
6.7 

do. 
do. 
do. 
do. 

1.25 
1.25 
1.25 
1.25 

i-in.  cor.  m.  s. 
do. 
do. 
do. 

4 
4 
4 
4 

241.5 
241.6 

1-2-4 
do. 

u 
u 

16. 
15.5 

do. 
do. 

1.25 
1.25 

i-in.  round  bent 
do.  [inward 

8 
8 

242.1 
242.2 

do. 
do. 

AA 
AA 

12.6 
14.9 

4  i-in.  round 
do. 

0.98 
0.98 

i-in.  round 
do. 

8 
8 

243.1 

243.2 

do. 
do. 

AA 
AA 

15.6 
12.6 

4Hn.cor.barh.s. 
4  i-in.  round 

1.25 

0.98 

do. 
do. 

I 

244.1 
244.2 

do. 
do. 

AA 
AA 

14.9 
15.6 

do. 
4  i-in.  cor.  bar 

0.98 
1.25 

do. 
do. 

6 
6 

271.5 
271.6 

do. 
do. 

U 
U 

15.9 
15.5 

2  IHn.  angles 
do. 

1.11 
1.11 

Expanded  metal 
do. 

221.1 
221.2 
221.5 
221.6 

do. 
do. 
do. 
do. 

AA 
AA 

IT 

U 

15.8 
15.7 
15.5 
15.2 

3  l-in.  round 
do. 
do. 
do. 

1.65 
1.65 
1.65 
1.65 

i-in.  round 
do. 
do. 
do. 

5 
5 
5 
5 

222.5 

222.6 

do. 
do. 

U 

u 

15.4 
15.7 

5  ^-In.  round 
4  |-in.  round 

1.23 

0.98 

l-in.    round   re- 
do, [duced  to  ,''c 

5 
5 

223  1 
223.5 
223.6 

do. 
do. 
do. 

AA 

U 
U 

16.0 
15.6 
15.6 

do. 

5  i-in.  round 

do. 

0.98 
1.23 
1.23 

Hn.roundm.s. 
do. 
do. 

3 

3 
3 

224.5 
224.6 

do. 
do. 

u 
u 

15.7 
15.7 

do. 
4  .J-in.  round 

1.23 

0.98 

Hn.    round    re- 
do, [duced  to  ■{.;, 

3 
3 

225.5 
225.7 

do. 
do. 

u 
u 

16.6 
15.4 

3  l-in.  round 

4  ^-in.  round 

1.65 

0.98 

f-in-  round 
do. 

1 
7 

226.5 
226.6 

do. 
do. 

u 
u 

15.6 
15.6 

do. 
do. 

0  98 
0.98 

^-in.    round;   lower   4 
in.  wrapped  in  paper 

5 
5 

227.5 
227.6 

do. 
do. 

u 
u 

15.6 
15.6 

3  2-in.  round 
do. 

1.66 
1.65 

i-in.  round 
do. 

5 
5 

228.5 
228.6 

do. 
do. 

AA 
U 

15.5 
15.5 

do. 
do. 

1.65 
1.65 

i-in.  round 
do. 

1     3 
1     3 

[Continued  on  page  64. 
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TABLE  14 

Tests  of  Beams  with  Stirrups. 

Series  of  1907. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 

No. 

Age 
days 

Load  at 

First 

Diagonal 

Crack 

pounds 

Maxi- 
mum 

Applied 
Ijoad 

pounds 

Stress  in 
Longi'nal 
Reinforce- 
ment 
lb.  per  sq.in. 

Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 

Bond  in 

Longi'nal 

Rein. 

lb.  per 

sq.  in. 

Tensile 

Stress  in 

Stirrups 

lb.  per 

sq.  in. 

Bond  in 

Stirrups 

lb.  per 

sq.  in. 

231.1 
231.5 
231.6 

60 
66 
71 

25  260 
18  000 
20  000 

33  000 
35  800 
31  800 

47  8(T0 
51  800 
46  000 

251 

272 
242 

251 

272 
242 

96  400 

104  400 

93  000 

1004 

1088 

968 

232.1* 
232.2* 
232.5 
232.6 

60 
60 
62 
61 

28  000 
24  000 
17  000 
19  000 

38  000 
40  300 
22  000 
25  000 

55  000 
58  200 
32  000 
36  300 

281 
306 
170 
192 

281 
306 
170 
192 

72  000 
78  400 
43  500 
49  100 

750 
815 
453 
512 

233.1* 

233.2 

233.5 

233.6 

233.7 

61 
61 
63 
61 
63 

27  000 
20  000 
14  000 
14  000 
23  000 

43  300 
34  700 
34  000 
29  300 
27  200 

62  500 
50  200 
49  300 
42  500 
39  500 

328 
264 
259 
224 

208 

328 
264 
259 
224 

208 

42  000 
33  800 
33  100 
36  500 
21  600 

874 
705 
090 
714 
563 

235.1 
235.2 
235. 5t 
235.6 

63 
61 
61 
61 

14  500 

17  000 

6  100 

8  000 

14  500 

17  800 

6  100 

11  900 

21  900 

26  700 

9  600 

18  100 

116 

141 

52 

100 

116 

141 

52 

100 

29  800 
36  100 
13  300 
25  600 

310 
376 
139 

267 

241.5 
241.6 

59 
52 

18  000 
18  000 

32  300 
29  400 

46  700 
42  600 

246 
224 

246 
224 

40  200 
37  500 

834 

760 

242.1* 
242.2* 

60 
60 

21  300 

20  000 

22  500 
24  500 

41  300 
44  800 

171 
193 

218 
246 

27  900 
31  500 

580 
580 

243.1 

243.2* 

60 
60 

26  000 
24  000 

44  300 

26  000 

64  000 
47  600 

336 
197 

336 
251 

34  900 
32  400 

1140 
668 

244.1* 
244.2 

60 
60 

22  000 
24  000 

24  100 

28  200 

43  300 

40  800 

185 
216 

185 
216 

22  600 
26  500 

470 

549 

271  5 
271.6 

59 
61 

12  000 
15  000 

13  800 
16  300 

22  800 
26  700 

110 
127 

221.1 
'^21'^ 
221^5 
221.6 

60 

58 
60 
59 

17  000 
22  000 

20  000 

21  000 

25  000 

26  000 
23  000 
21  000 

28  000 

29  100 
25  800 
23  600 

195  ■ 
203 
181 
165 

221 
230 
205 

187 

19  900 

20  700 

18  500 
16  800 

413 
430 
383 
350 

222.5 
222.6 

61 
20 

20  000 
17  000 

23  700 
17  200 

35  000 
32  500 

182 
132 

185 

168 

47  600 
34  400 

310 
224 

223.1 
223.5 
223.6 

61 
61 
63 

16  000 

19  000 

4  000 

19  000 
22  600 
21  000 

35  000 
33  400 
31  100 

146 
174 
162 

186 
177 
165 

35  800 
42  700 
39  700 

372 
443 
412 

224.5 
224.6* 

60 
60 

14  000 
18  000 

21  800 
21  200 

32  300 
38  900 

168 
164 

171 

209 

52  200 
51  000 

427 
417 

225.5 
225.7 

59 
59 

22  000 
20  000 

22  000 
21  700 

34  700 

39  800 

173 

165 

196 
210 

15  800 
15  000 

411 
392 

226.5 
226.6 

60 
61 

19  000 
16  000 

20  100 

21  000 

36  900 
38  600 

154 

160 

196 
204 

15  700 

16  300 

326 
339 

227.5 
227.6 

63 
60 

18  000 
15  000 

20  000 
16  400 

22  500 
18  500 

158 
130 

179 
147 

16  100 
13  300 

335 
275 

228.5 

228.6 

59  • 
60 

16  000 
19  000 

17  500 
21  400 

19  700 
24  000 

138 
168 

156 
190 

33  800 
41  400 

351 

428 

*  Tension  failure.       t  Appearance  indicated  poor  concrete.  [Continued  on  page  6j 
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TABLE  13.— Continued. 

Data  of  Beams  with  Stirrups. 

Series  of  1908. 


Cement 

Longitudinal  Reinforcement 

Stirrups 

Beam 

Kind  of 
Concrete 

No. 

Kind 

Per 
cent 

Description 

Per 

cent 

Description 

Spac- 
ing 
inches 

221.3 

1-2-4 

AA 

15.7 

3  l-in.  round 

1.65 

i-in.  round 

5 

221.4 

do. 

AA 

16.2 

do. 

1.65 

do. 

5 

223.2 

do. 

AA 

15.7 

5  i-in.  round 

1.23 

^-in.  round 

3 

223.3 

do. 

AA 

16.2 

do. 

1.23 

do. 

3 

229.1 

do. 

AA 

15.3 

do. 

1.23 

i-in.  round 
(one  end  onh-) 

5 

229.2 

do. 

AA 

15.2 

do 

1.23 

do. 

5 

229.5 

do. 

AA 

14.3 

do. 

1.23 

i-in.  cor.  m.  s. 
(one  end  only) 

5 

229.8 

l-li-3 

AA 

24.5 

do.  2  bent 
[up 

1.23 

i-in.  cor.   h.  s. 
(one  end  only 
bars  bent  up 
at  other  end) 

5 

233.3 

do. 

AA 

15.9 

4  i-in.  round 

0.98 

i-in.  round 

8 

233.4 

do. 

AA 

15.7 

4  h^n.  cor. 

1.25 

^-in.  cor.  m.  s. 

8 

240.1 

do. 

AA 

15.3 

3  l-in.  round 
nuts  and  washers 

1.65 

^-in.  round 

5 

243.3 

do. 

AA 

15.3 

4  i-in.  cor. 

1.25 

do. 

8 

stirrups  broke;  possibly  in  some  the  longitudinal  reinforcement 
slipped.  In  a  number  of  tests  the  general  racking  or  breaking  up 
of  the  concrete  was  the  evident  cause  of  failure.  The  following 
notes  of  the  tests  are  given. 

Beam  Xo.  231.1  (See  Fig.  16).  At  25  000  lb.  diagonal  crack  marked  (1) 
was  noted  10  in.  to  left  of  left  load.  At  26  000  lb.  cracks  appeared  in 
middle  third  and  diagonal  crack  (2)  was  noted,  and  at  28  000  lb.  diagonal 
cracks  (3)  and  (4).  Al  29  000  and  30  000  lb.  cracks  marked  (5)  and  (6) 
noted  at  left  end  of  beam.  At  32  000  lb.  metallic  noises  were  heard  and 
diagonal  cracks  continued  to  open.  Maximum  load,  33000  lb.  Load  drop- 
ped to  14  900  lb.  as  ultimate  failure  occured  at  (3)  and  (4);  stirrup  marked  (a) 
broke,  and  stirrup  marked  (b)  slipped. 

Beam  No.  232.1.  At  26  000  lb.  vertical  crack  marked  (1)  appeared.  At 
28  000  lb.  diagonal  crack  (2)  was  noted  at  left  end  and  diagonal  cracks 
(3)  and  (4)  at  right  end.    At  30000  lb.  diagonal  crack  (6)  appeared.  At  32  000  lb. 
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Tests  of  Beams  with  Stirrups. 

Series  of  1908. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 
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Beam 
No. 


Age 
days 


Load  at 
First 

Diagonal 
Crack 
pounds 


Maxi- 
mum 
Applied 
Load 
pounds 


Stress  in 
Longitudi- 
nal 
Reinforce- 
ment 
lb.  per 
SQ.  in. 


Vertical 

Shearing: 

Stress 

lb.  per 

sq.  in. 


Bond  in 
Longitu- 
dinal 
Rein- 
force- 
ment 

lb.  per 
SQ.  in 


Tensile 

Stress  in 

Stirrups 

lb.  per 

sq. in. 


Bond  in 

Stirrups 

lb.  per 

sq.  in. 


221.3 
221.4 

57 
70 

223.2 
223.3 

57 

70 

229.lt 
229. 2*t 
229.5 

229.8 

63 
92 

72 
60 

233.31: 
233.4 

72 
66 

240.1* 

64 

243.3 

64 

24  000 
20  000 

22  000 
20  000 

20  000 
20  000 

13  000 

14  000 

18  000 
18  000 

26  000 

20  000 


31  100 

21  170 

24  600 
26  150 

22  000 

25  400 
13  400 

26  100 

20  850 
26  300 

34  800 

34  200 


34  600 
23  800 

36  300 
38  500 

43  500 
50  000 
20  100 

37  700 

38  300 
38  200 

38  800 

49  500 


242 

166 

189 
201 

255 
292 
159 

200 

159 
201 

270 

260 


274 

188 

192 
205 

259 
296 
164 
204 

203 
201 

306 

260 


24  700 
16  900 

46  400 
48  300 

26  000 
29  800 
12  750 
16  000 

26  000 

25  800 

27  500 
42  400 


512 
351 

481 
511 

540 
618 
337 

423 

539 
536 

572 

880 


*  Tension  failure. 

t  Load  applied  at  a  single  point  2  ft.  from  one  support. 

t  Failure  at  the  end  not  having  stirrups. 

crack  marked  (7)  was  noted  at  left  end  and  vertical  cracks  marked  (8) 
and  (9)  in  middle  third,  and  at  34  000  lb.  vertical  crack  (10).  At  36  000  lb. 
tension  cracks  in  middle  third  were  opening,  diagonal  cracks  not  opening 
much.  Maximum  load,  38  000  lb.  Load  dropped  to  32  600  lb.  failure  occur- 
ring by  tension  in  steel. 

Beam  No.  2.32.2.  At  24  000  lb.  numerous  vertical  cracks  noted  in  mid- 
dle third  and  diagonal  cracks  marked  (1)  at  left  end,  but  these  did  not  open 
very  wide.  At  32  000  lb.  diagonal  cracks  marked  (2)  were  noted  at  right 
end.    Maximum  load,  40  300  lb.    Failure  occurred  by  tension  in  steel. 

Beam  "No.  232.6.  At  19  000  lb.  a  short  diagonal  crack  marked  (1) 
noted  at  right  end  at  mid-depth  of  beam.  At  20  000  lb.  the  above  crack  ex- 
tended downward  to  bottom  of  beam  and  upward  along  fifth  stirrup  from 
end,  a  branch  extending  to  load  point.  At  21000  1b.  crack  marked  (2) 
noted.    Failure  occurred  by  diagonal  tension.    Maximum  load,  25  000  lb. 

Beam  No.  233.1.  At  27  000  lb.  a  diagonal  crack  marked  (1)  was  noted 
21  in.  to  right  of  center  and  extended  vertically  6  in.  At  36  000  lb.  a 
diagonal  crack  marked  (2),  6  in.  high,  was  noted  18  in.   to   left  of  center 
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Fig.  16.     Disposition  of  Reinforcement  and  Position  of  Cracks. 
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of  beam.  At  this  load  a  vertical  crack  5  in.  long  appeared  under  left  load, 
tension  cracks  4  in.  lonj?  were  noted  6i  and  1  in.  to  left  of  center  and  a 
tension  crack  3  in.  high  3  in.  to  right  of  center.  At  41  000  lb.  a  diagonal  crack 
marked  (3)  extended  vertically  5  in.  At  43  200  lb.  all  cracks  were  opening. 
At  maximum  load,  43  300  lb.  a  tension  crack  7  in.  long  noted  7  in.  to 
right  of  center.    Failure  occurred  by  tension  in  steel. 

Beam  No.  233.2.  At  20  000  1b.  a  diagonal  crack  appeared  9  in.  to 
left  of  left  load  and  extended  vertically  4  in.  At  28  000  ib.  several  vertical 
cracks  were  noted  in  middle  third,  and  two  diagonal  cracks  at  right  end. 
Diagonal  crack  noted  at  left  end  at  load  of  32  000  lb.  Maximum  load  34  700  lb. 
Failure  occurred  at  right  end  by  diagonal  tension  probably  followed  by 
slipping  of  bars.  Middle  stirrup  at  right  end  finally  split  out  at  near  the 
maximum  load  on  account  of  being  too  near  the  surface— about  1  in. 
center  to  surface. 

Beam  No.  233.7.  At  23  000  lb.  a  diagonal  crack  marked  (1)  noted  which 
extended  vertically  5  in.  At  24  000  lb.  a  diagonal  crack  marked  (2),  7  in. 
high,  noted.  At  26  000  lb.  diagonal  cracks  marked  (3)  and  (4)  appeared 
and  extended  vertically  4  in.  The  other  cracks  were  opening  up  at  this 
load.  At  27  000  lb.  the  cracks  were  lengthening.  At  27  200  lb.,  the  max- 
imum load,  diagonal  crack  marked  (4)  opened  and  extended  to  load  point. 
Load  dropped  to  22  000  lb.,  failure  occurring  by  diagonal  tension  with  slip- 
ping of  stirrups. 

Beam  No.  235.1.  At  the  maximum  load  of  14  500  lb.  a  diagonal  crack 
6  in.  high  appeared  13  in.  to  left  of  left  load.  Load  dropped  gradually, 
and  at  13  000  lb.  the  crack  was  opening  up  rapidly  toward  load  point. 

Beam  No.  235.5.  Mixture  was  lean  and  concrete  seemed  poorly  rammed 
at  bottom.  Failure  occurred  by  diagonal  tension.  On  one  side  the  diag- 
onal crack  was  observed  at  third  stirrup  from  load.  This  stirrup  was  after- 
ward found  to  be  broken.    Maximum  load  6100  lb. 

Beam  No.  241.5.  Stirrups  bent  in  at  top.  At  18  000  lb.  diagonal  cracks 
marked  (1)  and  (2)  noted.  (2)  extending  toward  load  point  at  27  000  lb. 
At  22  000  ib.  a  crack  10  in.  long  marked  (3)  appeared.  At  26  000  lb.  a  crack 
marked  (4)  was  noted  at  left  stirrup  2  in.  above  bottom  of  beam,  extend- 
ing to  second  stirrup  from  left  end,  and  from  there  to  load  point.  Maxi- 
mum load  32  300  lb.,  failure  occurring  by  diagonal  tension. 

Beam  No.  243.1.  At  26  000  lb.  diagonal  cracks  marked  (1)  and  (2) 
appeared.  At  30  000  lb.  a  diagonal  crack  6  in.  high  marked  (4)  noted  at 
right  end,  13  in.  from  load.  At  32  000  lb.  the  cracks  at  left  end  were 
opening  wider.  At  34  000  lb.  a  diagonal  crack  marked  (5)  was  noted  16  in. 
to  left  of  left  load  and  extended  upward  6  in.  Maximum  load  44  300  lb., 
failure  occurring  by  diagonal  tension. 

Beam  No.  244.1.  (See  Fig.  17).  At  18  000  lb.  vertical  cracks  4  in.  long 
marked  (1)  noted  2^  in.  to  right  of  right  load  and  2i  in.  to  left 
of  left  load  at  stirrups.  At  22  000  lb.  a  diagonal  crack  marked  (2)  appeared 
Hi  in.  to  left  of  left  load  and  extended  vertically  4i  in.  At  23  700  lb. 
thecrackat  north  end  was  opening  wide.  At  24  000  lb.  a  vertical  crack  marked 
(3),  6  in.  high,  was  noted  3  in.  to  the  left  of  center.  Maximum  load 
24 100  lb.  Tension  crack  marked  (1)  to  left  of  load  opened  wide  after  the 
maximum  was  reached. 

Beam  No.  271.6.  At  12  000  lb.  vertical  crack  5  in.  long  was  noted 
5  in.  to  right  of  right  load.  A  short  diagonal  crack  was  also  noted  in 
lower  third  of  beam  on  opposite  side  7  in.  to  right  of  right  load.  At 
13  800  lb.  failure  crack  appeared  suddenly,  starting  at  right  end  7  in.  inside 
the  support  and  extending  to  within  4  in.  of  load.  The  expanded  metal 
web  was  not  sufficient  to  give  much  resistance. 

Beam  No.  221.2.  Three  stirrups  at  right  end  were  showing  at  surface. 
Concrete  was  poor.  At  22  000  lb.  a  diagonal  crack  marked  (1),  4  in.  high, 
was   noted   12   in.    to  right  of  left  support.     At  24  000  lb.  diagonal  crack 
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5  in.  hig-h  marked  (2),  6  in.  to  left  of  left  load,  was  noted.  At  20  000  lb. 
diagonal  crack  marked  (3)  appeared.  Maximum  load  26  000  lb.,  diagonal  ten- 
sion failure. 

Beam  No.  222.5.  At  16  000  lb.  vertical  crack  was  noted  6  in.  to  left 
of  left  load.  At  20  000  lb.  one  5  in.  to  left  of  center  and  at  22  000  lb. 
3  in.  to  right  of  center.  At  20  000  lb.  diagonal  cracks  were  noted  10  in. 
to  left  of  left  load  and  3i  in.  to  right  of  right  load.  Failure  occurred  by 
diagonal  tension.  Maximum  load  23  700  lb.  All  the  concrete  broke  away 
from  bottom  of  second  stirrup  to  left  of  left  load.  Eeduced  section  could  be 
plainly  seen.     Stirrup  did  not  slip. 

Beam  No.  223.1.  At  16  000  lb.  diagonal  crack  3  in.  high  marked  (1)  was 
noted.  At  18  000  lb.  this  crack  was  5  in.  high  and  diagonal  crack  4  in.  high 
marked  (2)  was  noted.  Crack  marked  (1)  opened  wider  at  maximum  load  of 
19  000  lb.  and  extended  almost  to  load  point.  Failure  by  diagonal  tension  at 
right  end. 

Beam  No.  223.5.  At  19  000  lb.  diagonal  cracks  were  observed  8  in.  to  left 
of  left  load  and  8  in.  to  right  of  right  load.  At  22  000  lb.  a  diagonal 
crack  was  noted  14  in.  to  right  of  right  load.  Maximum  load  22  600  lb 
Failure  occurred  by  diagonal  tension  and  failure  crack  was  more  nearly  ver- 
tical than  usual.  Failure  crack  was  limited  to  space  between  last  three 
stirrups  nearest  the  load.  A  loose  stirrup  was  noted  6  in.  to  left  of  left 
load. 

Beam  No.  223.6.  Diagonal  cracks  were  noted  12  in.  to  left  of  left 
load  and  9  in.  to  right  of  right  load.  Crack  at  right  end  extended  almost 
to  load  point.    Failure  by  diagonal  tension  at  load  of  21  000  lb. 

Beam  No.  224.5.  At  14  000  lb.  diagonal  crack  marked  (1)  was  noted,  at 
15  000  lb.  (2),  at  16  000  lb.  (3),  and  at  17  000  lb.  crack  (4).  The  cracks  which 
started  from  the  bottom  of  the  stirrups  headed  for  the  center  point  of  next 
stirrup  toward  load.  Failure  occurred  by  diagonal  tension  along  diagonal 
crack  at  left  end  and  several  stirrups  slipped  at  this  end. 

Beam  No.  225.5.  At  18  000  lb.  crack  marked  (1)  appeared.  Failure 
occurred  by  diagonal  tension  along  crack  marked  (2).  Second  stirrup  from 
right  end  bulged  out  and  drew  down.     Maximum  load  22000  lb. 

Beam  No.  225.7.  At  17  000  lb.  vertical  crack  4  in.  high  marked  (1)  was 
noted  and  at  20  000  lb.  diagonal  crack  4  in.  high  marked  (2).  At  26  900  lb., 
the  maximum  load,  the  crack  marked  (2)  extended  almost  to  load  point. 
Load  dropped  to  16  000  lb.  Failure  occurred  by  diagonal  tension.  Concrete 
around  second  stirrup  to  right  of  right  load  was  very  lean.  Lower  part  of 
the  stirrup  on  each  side  was  exposed  and  stirrup  slipped  a  little. 

Beam  No.  226  5.  At  18  000  lb.  the  vertical  crack  5  in.  high  was  noted  at 
stirrup  7  in.  to  left  of  left  load.  At  19  000  lb.' a  diagonal  crack  4  in.  high 
was  noted  15  in.  to  right  of  right  load.  At  20  000  lb.  the  cracks  were 
enlarging  and  at  maximum  load  of  20  100  lb.  a  diagonal  crack  6  in.  high  was 
noted  8  in.  to  right  of  right  load.    Load  dropped  to  11  300  lb. 

Beam  No.  226.6.  At  16  000  lb.  diagonal  crack  3  in.  high  marked  (1)  was 
noted,  at  18000  lb.  vertical  crack  along  stirrup  5  in.  high  marked  (2)  and  at 
19  000  lb.  the  cracks  marked  (3)  and  (4).  At  20  000  lb.  diagonal  crack  marked 
(5)  appeared  and  other  cracks  were  enlarging.  At  maximum,  load  21 000  lb. ,  ver- 
tical crack  marked  (6)  was  noted;  diagonal  cracks  were  lengthening.  Load 
dropped  to  14  000  lb.  and  diagonal  crack  (1)  was  opening.  Failure  by  diag- 
onal tension  at  left  end.  The  stirrups  were  quite  close  to  sides  of  beam  and 
were  wrapped  in  paper  for  the  lower  4  inches. 

Beam  No.  227.5.  At  18  000  lb.  small  vertical  cracks  were  noted  2  in.  to 
right  of  right  load,  4^  in.  to  left  of  left  load,  and  at  first  stirrup  2  in.  to 
left  of  left  load  on  further  side  of  beam.  The  latter  crack  was  4  in.  long. 
Failure  crack  started  at  bottom  of  second  stirrup  7  in.  to  right  of  right 
load,  ran  up  stirrup  2i  in.,  then  to  first  stirrup  at  a  point  3}  in.  from  top 
then  upward  along  the  stirrup.  Maximum  load  20  000  lb.  Two  stirrups 
were  exposed  at  left  end. 
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Beam  No.  227.6.  Cracks  were  noted  on  both  sides  of  beam  at  15  000  lb. 
No  cracks  noted  at  left  end  of  beam.  Failure  was  rather  sudden  and  was  due 
to  diagonal  tension.  Third  and  fourth  stirrups  from  right  end  were  found 
to  have  slipped  i  or  i  in.  The  stirrups  were  not  well  embedded,  especially 
at  north  end  where  failure  occurred.     Maximum  load  16  400  lb. 

Beam  No.  228.5.  At  16  000  lb.  a  diagonal  crack  5i  in.  high  was  noted 
Sin.  to  left  of  left  load.  At  maximum  load,  17  500  lb.,  a  diagonal  crack 
5i  in.  high  was  noted  6  in.  to  right  of  right  load.  Failure  occurred  along 
the  diagonal  crack  noted  at  16  000  lb.  The  crack  ended  at  bottom  of  beam 
at  a  point  near  first  stirrup  to  left  of  load.  First  two  stirrups  at  left  end 
on  further  side  of  beam  were  showing  at  bottom.  This  fact  did  not  affect  the 
results,  however. 

Beam  No.  228.6.  At  19  000  lb.  diagonal  crack  was  noted  8  in.  to  right  of 
right  load  on  further  side  of  beam  and  extended  upward  4  in.  At  20  000  lb. 
diagonal  crack  was  noted  12  in.  to  left  of  left  load  and  extended  toward 
load  point,  starting  at  fourth  stirrup  from  left  end.  One  stirrup  showed 
slightly  at  right  end.  Maximum  load  21400  lb.,  failure  occurring  by 
diagonal  tension. 

Beam  No.  221.3.  (See  Fig.  18).  At  24  000  lb.  crack  marked  (1)  noted  at 
27  000  lb.  cracks  marked  (2)  and  (3),  each  being  about  3  in.  high.  At  29  000  lb. 
cracks  were  lengthening.  At  31000  lb.  the  two  stirrups  marked  (a) 
slipped  as  crack  (2)  opened.  After  the  maximum  load  of  31 100  lb.  the  load 
fell  off  to  18  400  lb.  and  failure  crack  gradually  opened. 

Beam  No.  221.4.  At  20  000  lb.  crack  marked  (1)  noted.  At  21000  lb. 
stirrup  marked  (a)  slipped.  At  maximum  load,  21 170  lb.,  stirrup  marked  (b) 
slipped.  Load  fell  off  and  crack  gradually  widened.  Diagonal  tension 
failure. 

Beam  No.  223.2.  At  22  000  lb.  crack  marked  (1)  noted.  At  24  000  lb.  this 
crack  was  7  in.  high  and  crack  marked  (2)  was  noted.  Maximum  load  24  600  lb. 
Gradual  failure  by  diagonal  tension.  The  load  was  taken  off  and  then 
applied  again.  It  rose  to  13  300  lb.  then  fell  off  to  12  200  lb.  as  failure  crack 
opened  and  stirrups  marked  (a)  slipped. 

Beam  No.  223.3.  At  20  000  lb.  crack  marked  (1)  noted  and  at  23  000  lb. 
this  crack  was  7i  in.  high.  Maximum  load  26150  lb.  Failure  was  gradual 
and  stirrup  marked  (a)  slipped  after  beam  started  to  fail. 

Beam  No.  229.1.  Loaded  at  one  point.  At  20  000  lb.  crack  marked  (1) 
noted  3  in.  high.  At  22  000  lb.  diagonal  failure  crack  marked  (2)  opened  and 
stirrup  marked  (a)  showed  signs  of  slipping.    Load  dropped  to  17  000  lb.   " 

Beam  No.  229.2.  Also  loaded  at  one  point.  At  14  800  lb.  vertical  crack 
marked  (1)  noted.  At  18  000  lb.  cracks  marked  (2),  (3)  and  (4)  noted.  At 
20  000  lb.  crack  marked  (5)  appeared  and  other  cracks  lengthened.  At  24  200 
lb.  crack  under  load  was  8  in.  long  and  ^  in.  wide.  Maximum  load  25  400  lb., 
failure  occurring  by  tension  in  steel.  This  shows  a  high  resistance  for  the 
nortion  of  the  beam  without  stirrups. 

Beam  No.  229.5.    Also  loaded  at  one  point.    At  13  000  lb.  crack  marked 

(1)  noted.  At  13  400  lb.,  the  maximum  load,  crack  marked  (1)  was  4  in.  high, 
and  crack  marked  (2)  was  noted.  Load  fell  off  to  12  000  lb.,  failure  occur- 
ring by  diagonal  tension.  No  signs  of  stirrups  slipping  and  stirrups  were  not 
ex  DOsed. 

Beam  No.  229.8.  Stirrups  at  one  end  only;  at  other  end  two  bars  bent 
up.    At  14  000  lb.  crack  marked  (1)  was  noted.    At  20  000  lb.  cracks  marked 

(2)  and  (3)  were  noted,  the  former  being  4  in.  high  and  the  latter  8  in. 
Cracks  (1).  (2)  and  (3)  increased  in  length  regularly  as  load  was  applied,  and 
at  26  000  lb.  cracks  (2)  and  (3)  were  about  9  in.  long  and  crack  (1)  11  in.  Crack 
(1)  then  widened  appreciably.  Maximum  load  26100  lb.  Failure  occurred 
at  the  end  having  stirrups  and  took  place  slowly.  Whether  slip  of  stirrup 
along  longitudinal  bar  or  slip  of  the  latter  occurred  is  not  known.  Concrete 
was  rich  mixture. 
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Beam  No.  233.4.  At  18  000  lb.  cracks  marked  (1)  and  (2)  were  noted.  Up 
to  maximum  load  of  26  300  lb.  the  cracks  gradually  lengthened  and  failure 
occurred  by  diao^onal  tension. 

Beam  Xo.  24-0.1.  This  beam  had  nuts  and  washers  at  ends  of  longitu- 
dinal rods.  At  26  000  lb.  cracks  marked  (1)  and  (2)  appeared.  At  33000  lb. 
cracks  marked  (3)  and  (4)  were  noted  and  other  cracks  were  lengtliening. 
Failure  occurred  by  tension  in  steel  at  34  800  lb.  followed  by  crushing  of 
concrete.     Stirrups  did  not  slip. 

Beam  Xo.  243.3.  At  20  000  lb.  crack  marked  (I).  3  in.  hiarh.  appeared. 
At  21  000  lb.  crack  marked  (2)  noted  near  left  load  point.  At  23  000  lb.  crack 
marked  (3),  3  in.  high,  appeared.  At  26  000  lb.  diagonal  crack  marked  (4), 
4i  in.  high  noted  at  left  end  of  beam.  Crack  marked  (1)  was  7  in.  high  at 
this  load.  At  30  000  lb.  crack  marked  (5)  was  noted.  At  34  000  lb  cracks 
marked  (6)  and  (7)  were  noted,  the  other  cracks  were  lengthening  and  at 
this  load  stirrups  marked  (a)  had  slipped.  Maximum  load  was  34  200  lb  . 
failure  occurring  by  diagonal  tension. 

36.  Sti^esses  in  Stirrups. — The  assumption  in  the  calculations 
of  an  effective  bond  area  given  by  six-tenths  of  the  length  of  the 
stirrup  is  arbitrarily  made,  but  it  gives  a  common  basis  of  compar- 
ison. It  will  be  seen  in  Table  14  that  the  tensile  stresses  in  the 
stirrups  resulting  from  this  calculation  are  generally  low,  though 
in  some  cases  they  run  well  above  the  yield  point  of  the  steeJ,  and 
even  above  its  ultimate  strength.  Thus,  the  calculated  sti*essps 
in  the  high  carbon  corrugated  bar  stirrups  used  in  No.  231.1, 
231.5  and  231.6  (93  000  to  104  000  lb.  per  sq.  in.)  and  the  stresses  in 
the  mild  steel  corrugated  bar  stirrups  used  in  No.  232  1  and  232.2 
(72  000  and  78  000  lb.  per  sq.  in.)  are  higher  than  the  elastic  limit 
and  ultimate  strength  of  the  steel.  The  bond  stresses  in 
many  cases  are  also  much  above  what  would  be  expected  to  cause 
slip.  These  calculated  results,  and  other  tests  obtained  in  this 
laboratory  and  elsewhere  seem  to  corroborate  the  view  expressed 
on  page  19  that  the  stress  actually  developed  in  stirrups  is  less 
than  that  calculated  by  equation  (21)  and  that  a  part  of  the  shear 
is  carried  through  the  concrete  of  the  top  of  the  beam.  The  actual 
proportion  taken  by  the  stirrups  has  not  been  established,  but  it 
seems  that  the  stress  can  not  be  more  than  two-thirds  or  three- 
fourths  of  the  amount  obtained  by  the  formula.  On  this  basis  the 
calculation  for  tension  and  bond  in  stirrups  would  be  made  by 
using  say  two-thirds  of  the  external  vertical  shear  instead  of  the 
full  amount 

37.  Co)tij}arison  of  liesults. — As  already  stated,  slip  of  stirrups 
and  insufficient  bond  resistance  were  in  many  cases  the  immediate 
cause  of  diagonal  tension  failures,  and  therefore  bond  resistance 
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of  stirrups  may  be  considered  a  critical  stress.  If  we  omit  special 
conditions  like  poor  concrete,  exposed  stirrups,  and  unsymmet- 
rical  loading  the  following  statements  of  stresses  calculated  by  the 
methods  already  described  may  be  made.  The  1907  tests  with 
longitudinal  reinforcement  of  plain  round  rods  and  with  smooth 
stirrups  gave  values  of  the  vertical  shearing  stress  v  ranging  from 
154  to  203  lb.  per  sq.  in.  and  bond  values  in  the  longitudinal  rein- 
forcement from  196  to  2e30  lb.  per  sq.  in.  The  calculated  tensile 
stress  in  the  stirrups  ranged  from  15  000  to  52  000  lb.  per  sq.  in. , 
and  the  calculated  bond  in  the  stirrups  from  326  to  443  lb.  per  sq. 
in.  With  deformed  bars  as  longitudinal  reinforcement  and  with 
smooth  stirrups,  the  vertical  shearing  stress  v  developed  was  208, 
216  and  336  lb.  per  sq.  in.  and  the  bond  developed  in  the  longitu- 
dinal bars  208,  216  and  336  lb.  per  sq.  in.  The  calculated  stress 
in  the  stirrups  ranged  from  21  600  to  36  500  lb.  per  sq.  in.,  and  the 
bond  developed  in  the  stirrups  563  lb.  per  sq.  in.  Where  bent 
stirrups  were  used,  the  value  of  the  vertical  shearing  stress  v  was 
246  and  224  lb.  per  sq.  in. ,  the  bond  developed  in  the  longitudinal 
bars  246  and  224  lb.  per  sq.  in. ,  and  the  bond  in  the  stirrups  834 
and  760  lb.  per  sq.  in.  In  beams  with  stirrups  made  of  corrugated 
bars,  the  vertical  shearing  stress  developed  ranged  from  170  to 
328  lb.  per  sq.  in.,  the  calculated  tensile  stress  in  the  stirrups 
reached  104000  lb.  per  sq.  in.,  and  the  bond  1088  lb.  per  sq.  in. 

In  the  1908  tests,  in  beams  with  plain  longitudinal  reinforcement 
and  with  smooth  stirrups  the  vertical  shearing  stress  developed 
was  166  to  292  lb.  per  sq.  in.  and  the  bond  in  the  longitudinal  bars 
188  to  296  lb.  per  sq.  in.  Calculations  give  a  tensile  stress  as 
high  as  48  000  lb.  per  sq.  in.,  and  bond  stresses  of  351  to  618  lb. 
per  sq.  in.,  in  the  stirrups.  In  the  beam  with  corrugated  stirrups 
the  vertical  shearing  stress  developed  was  200  lb.  per  sq.  in.,  and 
in  the  beam  having  two  longitudinal  bars  bent  up  at  one  end  and 
having  corrugated  stirrups  at  the  other,  2001b.  per  sq.  in.  vertical 
shearing  stress  was  developed  and  423  lb.  per  sq.  in.  bond  stress 
in  the  stirrups.  In  No.  243. 3,  having  longitudinal  reinforcement  of 
deformed  bars  and  smooth  stirrups,  the  vertical  shearing  stress 
was  260  lb.  per  sq.  in.  and  the  bond  stress  in  the  stirrups  880  lb. 
per  sq.  in.  The  1908  beams  were  made  of  somewhat  better  con- 
crete and  the  results  with  the  smooth  stirrups  are  as  high  as  are 
to  be  expected.     No.  240.1  (with  nuts  and  washers  on  the  ends  of 
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the  longitudinal  reinforcement)  gave  a  vertical  shearing  stress  of 
270  lb.  per  sq.  in.,  which  is  higher  than  the  results  of  similar 
beams  without  anchorage.  Stirrups  with  bent-in  ends  have  many 
advantages.  Much  may  be  said,  also,  in  favor  of  deformed  bars 
for  stirrups,  though  of  course  it  is  plain  that  mild  steel  is  best  for 
this  purpose.  Attention  is  called  to  the  fact  that  a  value  of  296 
lb.  per  sq.  in.  for  the  calculated  bond  resistance  with  plain  round 
rods  as  longitudinal  reinforcement  was  obtained  in  one  beam. 

38.  Effect  of  Poor  Concrete.— Besoms  No.  235.1,  235.2,  235.5  and 
235.6,  made  of  1-5-10  concrete,  were  tested  to  study  the  effective- 
ness of  stirrups  with  poor  concrete.  The  results  vary  greatly. 
No.  235.2  sustained  a  fair  load,  but  No.  235.5  which  gave 
evidence  of  very  poor  concrete,  proved  to  be  very  weak.  It  is 
evident  that  after  the  concrete  begins  to  crack  badly  through 
diagonal  tension,  the  stirrups  are  ineffective  in  giving  web 
strength.  There  was  no  evidence  of  slip  of  stirrups  in  these 
beams. 

It  was  also  evident  in  beams  of  1-2-4  mix  that  quality  of  con- 
crete affects  the  effectiveness  of  stirrups.  In  sets  containing  the 
same  arrangement  of  reinforcing,  the  higher  values  obtained  are 
in  beams  of  stronger  concrete,  as  shown  by  the  appearance  of  the 
concrete  or  by  auxiliary  tests. 

However,  even  with  the  very  lean  mixtures  the  failure  of  the 
beam  was  slow  and  quite  in  contrast  with  the  failures  of  beams  of 
the  same  mixture  not  provided  with  web  reinforcement. 

39.  Effect  of  Unsymmetrical  Loading. — Beams  No.  229.1,  229.2, 
229.5  and  229.8  were  made  with  stirrups  in  one  end  of  the  beam 
but  with  none  in  the  other,  and  the  first  three  were  tested  with  a 
single  concentrated  load  applied  at  2  feet  from  the  support  next 
to  the  end  having  stirrups.  This  arrangement  was  planned  to 
learn  the  effect  of  unsymmetrical  loading  on  beams  without  web 
reinforcement,  as  when  a  concentrated  load  is  placed  at  one  end 
of  the  beam  and  there  are  no  stirrups  in  the  middle  portion,  and 
also  to  get  information  on  the  action  of  beams  with  web  reinforce- 
ment and  unsymmetrical  loading.  No  failures  occurred  at  the 
middle  or  at  the  end  not  having  stirrups,  although  the  stresses 
developed  (one- half  of  the  vertical  shearing  stress  given  in  the 
table)  in  the  middle  and  unstirruped  end  of  the  beam  ranged  as 
high  as  those  found  at  failure  in  the  series  without  web  reinforce- 
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ment.  It  seems  evident  that  concentrated,  unsymmetrical  load- 
ing gives  results  comparable  with  those  found  by  symmetrical 
loading. 

In  Beam  No.  229.8  the  end  which  was  not  provided  with  stir- 
rups had  instead  two  bars  bent  up  as  shown  in  Fig.  18.  Failure 
occurred  near  one  stirrup,  the  crack  being  nearly  vertical.  As 
this  was  rich  concrete,  and  the  concrete  did  not  break  up,  and  as 
the  stresses  in  the  stirrups  were  small,  it  would  seem  as  if  slip  of 
longitudinals  may  have  contributed  to  failure.  It  is  classed,  how- 
ever, as  a  diagonal  tension  failure.  In  this  beam  the  web  resist- 
ance given  by  stirrups  and  by  bent  rods  appears  to  be  nearly  the 
same. 

40.  Proportioning  of  Stirrups. — It  is  evident  that  some  form 
of  web  reinforcement  may  well  be  used  whenever  the  value  of  the 
vertical  shearing  stress  under  working  conditions  is  more  than 
one-third  or  one-fourth  of  the  values  given  on  page  46  for  the 
quality  of  concrete  assured  by  the  conditions  of  construction,  and 
also  in  beams  developing  even  lower  stresses  if  there  is  an  uncer- 
tainty in  the  web  strength  or  in  the  quality  of  concrete  or  if  the 
method  of  applying  the  load  or  the  nature  of  the  structure  makes 
such  a  safeguard  desirable.  The  effectiveness  of  stirrups  in  pro- 
viding additional  web  resistance  is  brought  out  in  the  tests.  The 
insurance  of  slow  failure  given  by  stirrups  is  itself  an  advantage. 
The  spacing:  of  the  stirrups  should  not  be  more  than  three-quart- 
ers or  eight- tenths  of  the  depth  of  the  beam. 

From  the  tests  and  discussion,  it  appears  that  as  a  tentative 
method  it  is  allowable  to  consider  that  for  good  concrete  one- 
third  of  the  vertical  shear  is  carried  through  the  concrete  in  the 
upper  part  of  the  beam  and  two-thirds  go  to  produce  stresses  in 
the  stirrups.  Using  then,  two-thirds  of  the  total  vertical  shear 
as  the  Fof  equation  (21),  p.  18,  the  ordinary  working  stresses  for 
tension  and  bond  may  be  used  in  the  calculations  for  stirrups. 
With  these  assumptions,  a  length  equal  to  six-tenths  of  the  depth 
of  the  beam  may  be  used  in  the  calculations  for  bond. 

Even  for  well  proportioned  web  reinforcement  the  use  of  high 
values  of  v  is  to  be  discouraged,  and  strengths  should  not  be 
accepted  unless  tests  of  the  same  class  of  beams  made  under  the 
same  conditions  of  construction  give  correspondingly  high 
strengths.     It  may  be  expected,  too,  from  analogy  to  the  results  in 
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beams  without  web  reinforcement,  that  when  stirrups  are  used, 
stiff  beams  may  be  counted  on  better  to  resist  web  stresses  than 
those  with  lighter  reinforcement. 

Tests  with  a  combination  of  stirrups  and  of  bending  up  of 
part  of  the  reinforcing  bars  were  not  made  but  it  is  evident  that 
such  an  arrangement,  say  to  bend  up  one-half  of  the  bars,  gives 
added  web  resistance.  The  proportion  of  the  diagonal  tension 
taken  by  the  bent-up  bars  and  by  the  stirrups  can  not  be  calcu- 
lated. In  such  cases  the  bond  developed  in  the  longitudinal  rein- 
forcement should  be  taken  into  consideration  and  it  is  quite  pos- 
sible that  the  bond  resistance  obtained  with  deformed  or  anchored 
bars  may  be  advantageous.  There  is  need  of  experimental  work 
along  these  lines. 

41.  Web  Beinf or  cement  of  Expanded  Metal. — It  was  not 
expected  that  Beams  No.  271.5  and  271.6  would  carry  higher  loads 
than  beams  without  web  reinforcement,  since  the  amount  of  mate- 
rial in  the  web  was  quite  inadequate  for  web  stresses  and  since 
the  metal  was  not  well  placed.  The  beams  are  included  in  the 
list,  however,  as  an  example  of  the  inefficient  web  reinforcement 
which  has  been  proposed  or  used  without  either  experimental  or 
analytical  verification  of  its  value. 

D.       GENERAL    COMMENTS    ON    WEB    RESISTANCE 

42.  General  Comments. — No  effort  will  be  made  to  review  the 
discussion  or  summarize  results,  but  a  few  general  statements 
may  be  made. 

Failures  by  diagonal  tension  in  beams  without  web  reinforce- 
ment are  especially  objectionable,  since,  as  in  the  case  of  tension 
tests  of  concrete,  the  failure  may  occur  without  warning. 
Besides,  although  the  effect  of  repeating  the  application  of  the  load 
after  a  diagonal  crack  has  formed  has  not  been  established,  final 
failure  undoubtedly  will  occur  after  many  applications  at  a  load 
much  lower  than  that  which  would  cause  failure  on  first  appli- 
cation. 

In  beams  without  web  reinforcement,  web  resistance  depends 
upon  the  quality  and  strength  of  the  concrete.  Cement  makes  a 
simple  and  effective  strengthening  agent.  The  effect  of  quality 
and  strengtli  of  concrete  is  very  marked.  Even  where  web  rein- 
forcement is  used,  quality  of  concrete  is  an  important  element. 
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The  stiffer  the  beam  the  larger  the  vertical  shearing  stress 
which  may  be  developed.  Short,  deep  beams  give  higher  results 
than  long,  slender  ones,  and  beams  with  a  high  percentage  of 
reinforcement  than  beams  with  a  small  amount  of  metal.  This 
difference  may  be  due  to  the  relation  of  diagonal  tension  to  shear- 
ing stress,  to  the  difference  in  opportunity  for  formation  of  verti- 
cal tension  cracks,  or  to  such  a  cause  as  a  difference  in  amount  of 
distortion  of  section. 

As  beams  ordinarily  have  less  than  1%  reinforcement,  the  web 
strength  of  such  beams  may  be  expected  to  be  less  than  that  of 
the  beams  herein  described. 

There  is  a  considerable  increase  of  web  strength  at  the  earlier 
ages,  but  not  much  additional  web  strength  may  be  counted  on 
under  laboratory  conditions  after  60  days.  Care  should  be  exer- 
cised that  ample  time  is  given  for  beams  to  acquire  sufficient  web 
strength  before  loads  are  applied. 

The  loads  carried  by  beams  with  all  bars  bent  up  or  inclined 
in  the  outer  thirds  of  their  length  did  not  differ  much  from  those 
with  the  bars  all  straight,  but  the  failure  is  slower  and  warning  is 
given.  The  formation  of  a  vertical  crack  and  the  splitting  of  the 
concrete  along  the  inclined  part  of  the  bar  are  characteristic  of 
the  failures. 

Beams  with  inclined  bars  firmly  anchored  at  their  ends  gave 
high  web  resistance  and  showed  indications  of  arch  action.  This 
form  of  construction  seems  to  give  insurance  against  failure  at 
low  loads  through  defective  concrete  or  insufficient  bond. 

The  arrangement  of  bending  up  part  of  the  bars  and  leaving 
part  straight  developed  a  good  web  strength  and  secured  slow 
failures.  This  method  will  be  particularly  satisfactory  when  the 
number  of  bars  is  large  enough  to  permit  the  spacing  of  the 
inclined  bars  at  frequent  intervals  through  the  part  of  the  beam 
where  high  web  resistance  is  needed.  A  proper  distribution  of 
the  diagonals  is  important. 

The  Cummings'  reinforcement  gave  high  web  strength.  The 
distribution  of  the  diagonals  fills  the  requirements  above  men- 
tioned, a  lateral  connection  is  provided,  and  the  main  bars  are 
carried  to  the  end  of  the  beam. 

Beams  provided  with  U-shaped  stirrups  which  passed  under 
straight  reinforcing  bars  generally  gave  high  web  resistance,  and 
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slow  failures  were  characteristic  of  the  tests.  The  importance  of 
quality  of  concrete  is  also  apparent  in  these  tests.  Adequate 
bond  resistance  is  essential.  The  amount  of  web  resistance  which 
may  be  developed  even  with  carefully  arranged  stirrups  is  limited, 
the  limit  depending  upon  the  quality  of  the  concrete. 

Stirrups  do  not  come  into  action,  at  least  not  to  any  great 
extent,  until  a  diagonal  crack  has  formed.  After  such  a  crack 
has  formed,  the  stirrups  will  take  stress  from  the  beginning  on 
a  second  application  of  the  load. 

The  tests  and  calculations  go  to  show  that  under  the  max- 
imum loads  applied  to  the  beams  the  stirrups  are  not  stressed  to 
an  amount  necessary  to  take  the  entire  vertical  shear.  The  use 
of  a  fractional  part  of  the  total  vertical  shear  like  two-thirds  for 
application  in  the  formulas  seems  to  be  warranted. 

Considerable  variation  in  results  in  beams  of  the  same  make- 
up was  found.  This  is  to  be  expected  in  web  resistance.  An 
even  greater  variation  is  probable  under  conditions  of  practice. 

Low  working  stresses  in  web  resistance  are  to  be  commended 
and  ample  provision  for  web  strength  should  be   made. 
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I.     Introductory  Statement. 
The  rapid  advance  in  the  use  of  producer  gas  in  recent  years 
has  given  rise  to  a  demand  for  a  more  accurate  knowledge  of  the 
processes  taking  place  in  the  fuel  bed  of  the  producer  and  the 
effect  on  these  processes  of  certain  variations  in  the  conditions  of 
operation.    The  primary  function  of  the  gas  producer  is  to  trans- 
form solid  fuel  into  a  more  readily  combustible  gaseous  fuel 
This  transformjxtion,  which  is  relatively  slow,  consists  of  the  fol 
lowing  processes: 

1.  The  distillation  of  the  volatile  hydro-carbons  from  the 
freshly  fired  fuel  at  relatively  low  temperatures. 

2.  The  combustion  of  fuel  by  combination  with  the  oxygen 
of  the  air. 

3.  The  formation  of  producer  gas  proper  in  accordance  with 
the  equations: 

I.     CO2  +  C  =  2  CO, 
II.     H2O  +  C  =  CO  +  H2. 

The  first  of  these  reactions,  the  formation  of  carbon  monox- 
ide, is  the  one  with  which  the  present  investigation  deals.  The 
problem  proposed  is  in  broad  terms  to  determine  the  factors  that 
govern  the  production  of  CO  in  the  gas  producer;  and  the  effect 
of  the  temperature  and  of  the  time  of  contact  of  the  gas  and 
carbon  on  the  percentage  of  CO  in  the  producer  gas.    The  question 
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of  the  effect  of  temperature  was  brought  forth  by  certain  experi- 
ments made  by  one  of  the  writers  at  the  Fuel  Testing  Plant  of 
the  U.  S.  Geological  Survey  at  the  Jamestown  Exposition,  in 
which  it  was  found  that  the  temperature  in  the  fuel  bed  of  the 
gas  producer  varies  greatly  from  one  portion  of  the  bed  to 
another.  In  order,  therefore,  to  ascertain  the  conditions  of  tem- 
perature most  favorable  to  the  efficient  operation  of  the  producer, 
it  becomes  necessary  to  determine  the  temperature  requisite  for 
the  formation  of  carbon  monoxide  and  hydrogen  in  accordance 
with  the  reactions  quoted  in  the  preceding  paragraph. 

A  study  of  the  conditions  for  the  reduction  of  CO2  by  carbon 
seems  desirable  from  another  consideration.  A  small  amount  of 
00  is  invariably  contained  in  the  flue  gases  of  boiler  furnaces. 
It  was  hoped,  therefore,  that  the  investigation  might  furnish  an 
explanation  of  the  formation  of  CO  in  boiler  furnaces  and  per- 
haps suggest  a  means  of  preventing  such  formation. 

The  investigations  herein  described  were  made  in,  and  with 
the  facilities  of,  the  Physical  Laboratory  of  the  University  of 
Illinois. 

II.    Fundamental  Equations. 

According  to  the  law  of  chemical  mass  action,  a  chemical 
reaction,  as  for  example  the  reaction  expressed  by  the  equation 

C  +  CO2  =  2  CO, 

proceeds  in  one  direction  until  equilibrium  is  established  and 
then  stops;  and  when  the  system  is  in  equilibrium  there  is  for  a 
given  temperature  a  certain  constant  relation  between  the 
amounts  of  the  components  entering  into  the  reaction.  Thus,  in 
the  system  under  consideration,  let 

[CO]  =■  the  concentration  of  CO  in  gram  molecules^  per  liter, 
[CO2]  =  the  concentration  of  COo  in  gram  molecules  per  liter; 
then  for  equilibrium,  the  relation 

^A  gram  molecule  of  a  substance  is  a  weight  of  the  substance  in  grams 
numerically  equal  to  the  molecular  weight.  Thus  a  gram  molecule  of  CO  is 
28  grams,  one  of  COj  is  44  grams,  etc. 
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i-^^n     =  constant  =  A  (1) 

must  be  satisfied. 

The  relation  (1)  may  be  tlirown  into  another  form  as  follows: 
Let  100  w  =  per  cent  of  CO  in  the  gas  by  volume; 
100   {1  --  oo)   =  per  cent  of  CO2  in  the  gas  by  volume; 
p  =  pressure  in  atmosplieres ; 
T  =  absolute  temperature; 

R  =  absolute  gas  constant  =  0.0821   for  the  sys- 
tem of  units  here  employed; 
n  =  number  of  gram  molecules  of  the  gas  under 

consideration; 
V  =  volume  of  oras  in  liters. 


The  characteristic 

equation  of 

gases  is 

pv  = 

=  nRT 

from  which 

n 

V 

_    P 
~  RT 

NoAv  xn  and  (1  -  x)n  are  respectively  the  numbers  of 
gram  molecules  of  CO  and  COo  in  the  gas;  hence  the  concentra- 
tions of  CO  and  CO2  are  respectively 


X)i    _      drp 

~^  ^  ~RJ 

(1  -   ^^n    _  (1  -  ;v)p 


[CO]   -     ^.    _    ^^, 


t^^^]    ^  .  RT 

Placing  these  values  in  (1),  the  resulting  equation  is 

^'         ^      -E  (2) 


1  —  ,■  R  T 
If  the  pressure  and  temj^'  rature  are  kept  constant,  the  factor 

-is  a  constant,  and  (2)  may  be  w^ritten 


RT 

x'  KRT 


=  /r  (3) 
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where  /l'  is  a  new  constant. 

When  CO2  gas  is  maintained  in  contact  with  carbon  at  con- 
stant temperature  and  pressure  tlie  two  will  react  rapidly  at  first 
and  then  more  slowly  until  the  amount  of  CO  formed  is  100  x  per 
cent  of  the  total,  where  x  is  given  by  equaticm  (3  ) . 

The  relation  expressed  by  (1)  may  be  considered  as  a  special 
case  of  a  more  general  law.  According  to  the  theory  of  the 
kinetics  of  reactions  now  generally  accepted  in  reversible  reac- 
tions, tw^o  reactions  take  place  simultaneously,  one  from  left  to 
right  and  one  from  right  to  left.     In  the  rejection 

COo  +  C  =  2  CO 

the  velocity  of  the  reaction  from  left  to  right,  ihat  is,  the  rate  of 
formation  of  CO,  is  at  any  instant  proportional  to  the  number  of 
CO2  molecules  in  the  unit  volume;  thtis  denoting  the  vr^locity  by  c^ 

V  =  A-i[C()o]. 

Similarly  the  velocity  of  the  reaction  from  right  to  left,  that  is, 
the  rate  of  formation  of  CO2,  is  proportional  to  the  square  of  the 
number  of  CO  molecules  in  a  unit  volume.    Hence 

Tlie  increase  in  the  ntimber  of  CO  molectiles  per  unit  volume  in 
the  time  (It  is  tlie  ditfereuce  of  the  two  velocities  /•  and  /';  tliat  is, 

r    -  v'  =  l\    [("0,1   -  L,  lCO]'  (4) 


^/[ro] 


// 


As  fC')]  tlie  luimbiM'  of  .^rain  molciilrs  ;  f  C  )  in  the  unit  v,»luiiie 
iiici'cascs  and    [C().,|    the  niiiiihei*  ;  f  mrjim   inohM-ules  of  C;)._,   dc- 

crt^ases,   the   velocity r will    her. me    smaller    and   smaller 

(It 

until  linally  [CO]  and  |C()._.  ]  heeonu'  e oiistnnt,  thai  is,  the  system 
attains  eciuilibriuin.     In  this  ease  we  have,  therefore, 

r/ 1(^)1 
(It 

whence  /.-,    |C(),1   --  A-,   ICOj-.  C^) 
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That  is,  the  number  of  CO2  molecules  formed  in  a  given  time  is 
equal  to  the  number  that  are  decomposed  to  form  CO.  The  last 
equation  may  be  written 

[co^  =  S  =  ^  •  (^) 

K  is  called  the  equilibrium  constant. 

Equation    (4)    giving  the  rate  of  formation  of  CO  may  be 
modified  as  follows: 

Let  100  a  =  per  cent  of  CO2  by  volume  at  the  beginning  of 
the  reaction,  that  is,  when  /;  :=  0, 

100  X  =  per  cent  of  CO  by  volume  after  the  time  t  has 
elapsed. 

At  the  beginning  of  the  reaction,  that  is  Avhen  ^  =  0,  there  is 
no  CO,  hence  x  =  0.  If  now^  n  is  the  number  of  gram  molecules 
of  the  gas  when  ^  =  0,  then  na  is  the  number  of  gram  molecules 
of  COo,  and  the  concentration  of  the  COo  is  therefore 

[OO2]    =  ^^. 

V 

But  since  pv  =  n  RT,  this  relation  may  be  written 

[CO2]    =    p  )j,    =  M  gram  molecules  per  liter. 
At  the  time  t  suppose  m  gram  molecules  per  liter  of  CO  to  have 
been  formed.    This  involves  the  disappearance  of    -^    gram  mole- 

7)% 

cules  per  liter  of  CO2,  leaving  M  —  ^  .  The  number  of  gram 
molecules  of  gas  is  now 

n{l-a)  -\-    [   M  -'^    +  m  ]    v 


b  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 

,  -,     ,    m    RT  , 

"  '^  ^^  +  ^  —    ^' 

and  the  volume    of    the    gas    is    therefore    increased    from  f  to 

111     7?  V^ 

V  {  \  ^  —      ^  ).         The  concentrations  at  the  time  t  are  there- 
fore 

m 


[CO] 


^_^ra      RT  (7) 

2        /; 


J/-  ^' 

t^^-^]    =      ^     ,     ^'^     •  (^) 

"^    2      y; 

But  since  100  x  per  cent  of  the  gas  is  CO  by  volume  the  concentra- 
tion of  the  CO  is  also  given  by  the  relation 

[CO]  =     1^.  (9) 

Combining  the  two  expressions  for  [CO]  given  by  (7)  find  (9), 
we  obtain. 

2a?  p 

and  introducing  this  expression  for  m  in   (8),  the  result  after 
slight  reduction  is 

[CO2]  =  {a  -  '^-^^  r)  -JyY'  ^10) 

Introducing  in  equation  (4)  the  expressions  for  the  concentrations 
given  by  (9)  and  (10),  the  result  is 

.^[C0]_        _j^  a^\  I       \     P    \    ^  n^^ 

But  from  (9) 

r/[C0]    _      p      ih^ 
dt       ~  RT    iU  ' 
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whence 


^   _    7     .  a    -\~  1    .        J       p 


7^    =    -!•:   («    --^^)-^.^ 


T   ""■ 


Replacing  the  constant  k.n,  pY  ^^^  ^  single  symbol  h\^  the  final 
equation  for  the  reaction  velocity  is 

-J  =  ^',(«-^|-^»  )-*>^  (12) 

The  integration  of  the  differential  equation  (12)  offers  no 
great  difficulty. 

The  determination  of  the  constants  h^  and  /Cg  seems  to  have 

been  made  hitherto  by  assuming  the   value  of  the  ratio  -ri-.  This 

method  is  applicable  when  the  equilibrium  conditions  are  readily 
realized.  As,  however,  this  is  not  the  case  in  the  present  reac- 
tion it  has  been  necessary  to  devise  a  method  for  the  determina- 
tion of  h^  and  /c'2  from  two  or  more  pairs  of  simultaneous  obser- 
vations of  X  and  t.  It  turns  out  that  the  method  is  applicable  not 
only  to  the  reaction  in  question,  but  also  to  the  most  general  in- 
complete reactions  of  the  second  order. 

The  great  difficulty  of  realizing,  with  certainty,  the  condition 
of  the  equilibrium  in  reactions  like  the  one  under  consideration, 
makes  it  highly  desirable,  therefore,  to  obtain  a  general  solution  of 
the  differential  equation,  without  introducing  a  particular  numer- 
ical value  for  the  ratio    -4--         We  are  indebted  to  Prof.   C.   N. 

Haskins  for  the  following  solution,  the  developments  of  which  will 
be  found  in  the  appendix : 

4  (2  y  tank  at 


qn      

a  +  1     1  +  r  tank  at ' 
In  equation  (13)  a  and  y  are  determined  by  the  relation 

z., 4^?_ 

"'  -  a  +  V 


(13) 
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/■-.,=  "';"^*  (l-r). 

4  r/  Y 
When  the  initial  percentage  of  CO2  is  100,  tlien  a  =  1, 

^\  (1  -  -o-  ^>% 


dt 


and  ^     2  y  tanh  at         .  (14) 

1  -\-  r  tanh  'it 

In  the  case  of  the  gas  producer  the  value  of  a  is  about  0.21. 

III.     Boudouard's  Experiments. 

An  elaborate  series  of  determinations  of  the  amount  of  CO 
formed  at  different  temperatures  lias  been  made  by  O.  Boudouard.^ 
Boudouard's  observations  were  made  at  650°,  800°  and  925°  C. 
In  his  experiments  at  650°  and  800°  glass  tubes  containing  char- 
coal, coke,  retort  carbon  or  lamp  black  were  filled  with  COo,,  heat- 
ed to  the  temperature  of  the  experiment  and  then  sealed.  The 
tubes  were  maintained  at  constant  temperature  until  equilibrium 
was  reached,  that  is,  when  further  heating  at  the  same  tempera- 
ture produced  no  increase  in  the  percentage  of  CO  present.  At 
650°  the  heating  was  continued  for  twelve  hours  before  equi- 
librium was  attained.  At  800°  equilibrium  was  reached  in  one 
hour  in  the  tubes  containing  charcoal  and  in  two  and  one-half 
hours  in  those  containing  lamp  black.  With  coke  and  retort  car- 
bon the  process  was  not  complete  at  the  end  of  nine  hours.  In 
the  experiment  at  925°  the  carbon  was  heated  in  a  porcelain  tube, 
through  which  was  passed  a  stream  of  CO2  gas.  The  average  time 
of  contact  between  CO2  and  carbon  calculated  from  the  data  given 

^O.  Boudouard,  Comptes  Rendus  de  V Academic  des  Sden-ces, 

Vol.  128.  page  824.  154;   1899. 

Vol.  131,  page  1204,  1900. 

Vol.  130,  page  132,  1900. 
Bulletin  Soc.  Chim.,  Paris,  Vol.  21,  1901. 
Bulletin  Soc.  Chim.,  Paris,  Vol.  25,  1901. 
Ann.  de  Chimie  et  de  Physique,  Vol.  354,  1901. 
See  also  Haber,  Thermodynamics  of  Technical  Oas  Reactiojis.  1908.  p.  311. 
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in  Boudouard's  account  of  his  experiments  was  approximately 
30  seconds. 

A  summary  of  Boudouard's  results  is  given  in  the  following 
table : 


TEMPERATURE         PER  CENT  OP         PER  CENT  OF 

C  OO2  CO 


650.  61.  39. 

800.  7.  93. 

925.  4.  96. 


These  values  have  been  made  the  basis  of  computation  by  many 
writers  on  the  chemistry  of  combustion  and  of  the  water  gas 
reaction  and  especially  in  treatises  on  the  gas  producer. 

In  the  first  references  to  Boudouard's  work  which  came  to  the 
attention  of  the  writers,  no  notice  was  taken  of  the  remarkably 
low  reaction  velocity  of  the  formation  of  CO  from  COg  and  carbon, 
and  of  the  great  length  of  time  required  to  obtain  the  percentages 
of  CO  that  are  given  in  the  preceding  table.  In  at  least  one  case 
the  values  shown  above  were  offered  as  representing  the  quality 
of  gas  that  should  be  obtained  in  the  gas  producer  at  the  tempera- 
tures given.  The  writers  were  therefore  led  to  regard  Boudouard's 
figures  as  defining  the  relative  proportions  of  CO2  and  CO  that 
should  be  formed  in  a  gas  producer  at  various  temperatures  of  the 
fuel  bed. 

Tlie  experiments  which  form  the  subject  of  this  paper  had 
originally  as  their  object  the  confirmation  of  Boudouard's  results 
as  well  as  a  continuation  of  them  at  higher  temperatures.  Pre- 
liminary experiments  made  by  Dr.  C.  S.  Hudson  demonstrated 
that  the  amount  of  CO  formed  at  a  given  temperature  depends 
largely  on  the  time  of  contact  or  in  other  words  on  the  rate  of 
flow  of  the  gas  through  the  fuel  bed.  Apparently  Boudouard's 
results  represent  limiting  values,  which  can  be  obtained  only 
with  a  very  low  gas  velocity.  In  order  to  ascertain  the  condi- 
tions for  the  formation  of  CO  in  producer  furnaces,  it  is  neces- 
sary, therefore,  to  determine  the  rate  of  formation  of  CO  from 
COo  and  carbon  at  various  temperatures;  that  is,  to  determine  the 
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amount  of  CO  formed  witli  different    rates    of  flow  of  tlie  gas 
tliroii|[?h  tlie  fuel  bed. 

IV.     Method  of  Experiment. 

The  arrangement  of  tlie  apparatus  is  sliown  in  Fig.  1,  2.  and 
3.  A  porcelain  tube  of  1.5  em  inside  diameter,  60  cm  long,  and 
glazed  on  the  outside  was  filled  with  charcoal,  coal,  or  coke  and 
heated  in  an  electric  furnace.     The  furnace,  which  was  designed 


^:^i^<%%vy/^/y///^X-/yyy/^^^ 


Pcrce/ain    TuJoe 


SEET 


^ 


3 


SB 


f-l 


Fig.  1 

especially  for  this  investigati(m,  is  shown  in  detail  in  Fig.  3.  It 
has  been  operated  continuously  for  a  period  of  six  months  at  tem- 
peratures of  from  800°  to  1200°,  and  even  1300°  C.  Tlie  temper- 
ature inside  the  porcelain  tube  could  be  maintained  at  any  value 
up  to  1300°  C  with  no  fluctuations  greater  than  1°  or  2°.     The 


<:^*^a 


heating  coil  consists  of  a  coil  of  No.  13  nickel  wire,  wound  with 
eight  turns  per  inch  on  an  electrical  porcelain  insulating  tube  of 
38  mm  inside  diameter  and  35  cm  long.   At  either  end  of  the  coil 
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the  number  of  turns  was  increased  slightly  to  compensate  for  the 
cooling  effect  of  the  end  at  the  furnace.  As  a  protection  against 
corrosion,  the  coil  was  painted  over  with  a  thin  layer  of  magcesite 
cement — a  material  that  is  capable  of  withstanding  very  high  tem- 
peratures. The  heating  tube  was  then  mounted  inside  of  and  con- 
centric with  several  terra  cotta  pipes  and  the  spaces  between 
the  pipes  w^ere  filled  with  light  calcined  magnesia.  The  cost  of 
the  material  used  in  the  furnace  and  the  amount  of  labor  required 
were  very  small.  A  temperature  of  1000°  C  could  be  maintained 
by  the  expenditure  of  600  watts. 

The  temperature  inside  the  porcelain  tube  was  measured  by 
means  of  a  platinum  platinum-rhodium  thermocouple  (see  Fig. 
2)  and  a  Siemens  &  Halske  milli-voltmeter.  As  the  thermo-elec- 
tric height  of  the  couple  fell  slightly  with  use  at  high  temperature 
— due  probably  to  the  reducing  action  of  CO  gas  on  tlie  insuiatinsj 
tubes  and  the  consequent  contamination  of  the  couple — it  was 
found  necessary  to  calibrate  the  couple  from  time  to  time.  This 
was  accomplished  by  determination  of  the  melting  points  of  zinc, 
silver  and  copper.  The  error  of  individual  temperature  observa- 
tions does  not  exceed  5°  below  1100°  and  10°  to  15^  between  1100^ 
and  1300 ^ 

Tlie  carbon  with  wliich  the  porcelain  tube  was  filleii  was 
iTuslied  to  pieces  of  a  uniform  size — about  5  mm  on  a  side.  Only 
the  central  portion  of  the  tube  (see  Fig.  2)  contained  carbon,  the 
reinainder  of  the  space  being  occupied  by  pieces  of  br.)ken  porce- 
hiiu.  wliich  served  at  one  end  to  heat  tlie  gas  entering  the  tube, 
and  at  the  other  end,  by  reducing  the  size  of  the  passage  way,  to 
increase  the  velocity  of  the  gas  through  the  region  of  falling  tem- 
perature. Through  the  porcelain  tube  was  passed  a  stream  of 
COo  gas.  In  the  earlier  experiments  COo  was  prepared  from  mar- 
ble and  hydrochloric  acid.  Later,  OOo  ^^'*i^  taken  from  a  tank  of 
,li(ini(l  carbon  dioxide. 

The  velocity  of  the  gas  over  the  carbon  was  determined  by 
the  dimensions  of  the  tube,  the  weight  and  density  of  the  carbon, 
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and  the  temperature  and  the  volume  of  ^an  passed  tlirou^h  the 
tube  per  minute.^ 

The  analyses  were  made  by  the  Hempel  method,  both  COg 
and  CO  being  absorbed.  The  amount  of  gas  remaining  in  tlie 
burette  after  the  absorption  in  cuprous  chloride  was  seldom  great- 
er tlian  two  per  cent. 

V.     Experiments  With  Charcoal. 

With  the  apparatus  described  in  the  ])receding  pages,  experi- 
ments were  conducted  at  temperatures  ranging  from  700°  to  1300  "^ 
C.  The  experiments  with  cliarcoal  extended  over  a  period  of  sev- 
eral months.    The  results  are  contained  in  tables  1-6. 


table  1 

RATE  OF  FORMATION  OF  CO  FROM  CO2  AND  CHARCOAL 

AT  A  TEMPERi»TURE  OF  800°  C. 

^'1  =  0.01968 

h  ^3.031 


Time  of  contact 

1 

%  CO  100 

%  CO/100 

in  seconds 

t 

7 

Observed 

Calculated 

00 

0 

0.535 

188.6 

0.0053 

0.503 

0.534 

1:5.9 

0.0086 

0.504 

0.527 

57.18 

0.0175 

0.518 

0.508 

45.70 

0.0219 

0.522 

0.468 

24.20 

0.0413 

0.375 

0.345 

15.50 

0.0645 

0.283 

0.252 

12.32 

0.0810 

0.J45 

0.209 

2.686 

0.354 

0.063 

0.051 

1.550 

0.645 

0.03W 

0.030 

The  increase  in  the  volume  of  the  gas  in  its  passage  through  the  reaction. 
tube,  due  to  the  formation  of  two  CO  molecules  in  place  of  every  molecule  of 
CO2  which  disappears,  makes  it  difficult  to  determine  accurately  the  time  of  con- 
tact and  consequently  the  velocity  of  the  gas. 

The  values  of  t,  the  time  of  contact,  given  in  the  following  tables  are  based 
on  the  volume  of  gas  leaving  the  tube  and  are  therefore  somewhat  too  low. 
Since  the  major  portion  of  the  expansion  takes  place  within  a  short  distance 
from  the  entrance  to  the  tube,  the  error  here  introduced  is  probably  not  appre- 
ciable. 
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TABLE  2 

R.\TE  OF  FORMATION  OF  CO  FROM  CO2  AND  CHARCOAL 
AT  A  TEMPERATURE  OF  850     C. 


0.07174 

3.238 


Time  of  ((mtact 

in  se('<»nds 

1 

^  CO  100 

^  CO  100 

t 

t 

Observed 

Calculated 

X 

0 

0.742 

123  0 

0.0082 

6.743 

0.742 

54.1s 

0.0184 

0 .  702 

0.741 

24.43 

0.0410 

0.572 

0.694 

!3.-.3 

0.075H 

0.526 

0  564 

W .  268 

0.1070 

0.297 

0.463 

4.(i;0 

0.21H 

0.297 

0.281 

3  «.^4 

0.271 

0.224 

0.231 

■■< .  254 

0 .  307 

0.225 

0.207 

TABLE  3 

R.\TE  OF  FORMATION  OF  CO  FROM  CO2  AND  CHARCOAL 

AT  A  TEMPERATURE  OF  900      C. 

^1=  0.1540 


.599 


Time  <-if  contact 

1 

r;CO  100 

V  CO  100 

in  seconds 

/ 

t 

Observed 

Calculated 
0.873 

QC 

0 

64.29 

0.0156 

6.873 

0.873 

4L18 

0.0226 

0  8()7 

0.872 

10.008 

0.0999 

0.708 

0 .  739 

4.257 

0.234 

0.498 

0.472 

2.840 

0 .  352 

0.311 

0.351 

2.172 

0.461 

0.344 

0.284 
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TABLE  4 

RATE  OF  FORMATION  OF  CO  FROM  C02  AND  CHARCOAL 
AT  A  TEMPERATURE  OF  925  '  C. 

ki  =0.2175 
A'2  =  2.298 


Time  of  contact 

1 

^  CO/ 100 

fc  CO/100 

in  seconds 

t 

f 

Observed 

Calculated 

OO 

0 

0.914 

118.8 

0.0084 

0.947 

0.914 

81.2 

0.0123 

0.933 

0.914 

12.37 

0.0807 

0.848 

0.875 

5.80 

0.1725 

0.718 

0.697 

4.277 

0.234 

0.642 

0.595 

2.272 

0.440 

0.375 

0.387 

TABLE  5 

RATE  OF  FORMATION  OF  CO  FROM  C02  AND  CHARCOAL 
AT  A    TEMPERATURE  OF    1000°   C. 

yti  =  0.6404 
A^2  =  4.708 


Time  of  contact 
in  seconds 

t 

1 
t 

%  CO/100 
Observed 

%  CO/100 
Calculated 

00 

70.0 
18.60 
8.245 
3.675 
2.296 

0 

0.0143 

0.0538 

0.1195 

0.272 

0.436 

*6*.949 
0.943 
0.903 
0.797 
0.795 

0.942 
0.942 
0.941 
0.938 
0.869 
0.752 

IG 
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TABLE  6 

RATE  OF  FORMATION  OF  CO  FROM  CO2  AND    CHARCOAL 
AT  A  TEMAERATURE  OF  1100'   C. 


ki  = 

=  1.495 

h  =  5.275 

Time  of  contact 

1 

^  CO,  100 

?;C0  100 

in  seconds 

/. 

Observed 

Calculated 

QO 

0 

0.972 

36.48 

0.0274 

0.987 

0.972 

10.43 

0.0958 

0.983 

0.972 

4.968 

0.2010 

0.981 

0.971 

3.640 

0.2745 

0.973 

0.968 

1.921 

0.521 

0.946 

0.955 

The  first  and  second  columns  of  each  table  give  the  time  of 

contact  t  and  the  reciprocal  of  the  time  of  contact    -,    which  is 

equal  to  the  velocity  of  the  gas  divided  by  the  length  of  the  char- 
coal column ;  thus 

1   _  ^ 

t    ~  I  ' 

The  third  column  contains  the  percentages  of  CO  observed,  and  the 
A'alues  in  the  last  column  were  calculated  by  means  of  equa- 
tion (13),  viz: 

4  «  r  tank  at 

a  -\-  1     1   +  r  tanh  at 


The  method  of  computing  a  and  y  of  this  equation  is  described 
in  the  appendix.  The  constants  k^  and  k'o  are  determined  by  the 
relations, 

^^  "  ^  +  1 
^  ^U  +  1)  .  ^ 

^  4  '/  /' 
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Values  of  Ai,  /to,  /c'2,  «,  and  7  are  given  in  table  7. 
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TABLE  7 

CONSTANTS  USED  IN  COMPUTATION  OF  r 


The  calculated  and  observed  values  of  x,  the  per  cent  of  CO, 
agree  within  two  or  three  per  cent. 

A  comparison  of  the  results  in  tables  1  to  6  shows  in  the 
first  place  that  with  increasing  temperature  there  is  a  rapid  in- 
crease in  the  percentage  of  CO  obtained  with  any  given  rate  of 
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flow  of  the  gas;  in  the  second  place  that  with  increasing  gas  ve- 
locity at  low  temperatures  the  percentage  of  CO  formed  falls  off 
very  rapidly,  at  higher  temperatures  very  slowly.  These  varia- 
tions are  illustrated  by  the  curves  in  Fig.  4  in  which  the  per- 

1        V 
rentage  of  CO  is  plotted  as  a  function  of    —  =  , .      When  /,  the 

length  of  the  charcoal  column,  is  equal  to  one,  i.  e.,  is  equal  to 
the  unit  of  length,  then  the  numbers  along  the  abscissa  give  the 
velocity  of  the  gas  in  terms  of  the  same  unit  of  length,  and  per 
second.  For  example,  the  length  of  the  charcoal  column  in  the 
experiments  here  recorded,  was  approximately  20  cm.  The  velocity 

corresponding  to  the  i^oint    -  =   1  at  the  extreme  right  of  Fig.  4, 

is  therefore  20  cm.  per  second. 

The  general  shape  of  all  the  curves  in  Fig.  4  is  the  same. 
The    percentage    of    CO    is    greatest    at    zero    velocity.     With 

increasing   values   of    j     each    curve   falls   off,    slowly   at    first 

then  more  rapidly,  jiassing  a  point  of  inflection  and  finally  becom- 
ing nearly  horizontal.  The  intersections  of  the  curves  with  the 
CO  axis  give  the  percentage  of  CO  corresponding  to  the  condition 
of  equilibrium. 

That  a  considerable  amount  of  time  is  required  to  reacli  equi- 
librium in  tlie  reaction  under  consideration,  is  furtlier  illustrated 
in  Fig.  5,  in  which  the  percentage  of  CO  is  plotted  as  a  function  of 
t,  the  time  of  contact.  (One  small  division  =  1  second) .  At  800° 
for  example,  the  percentage  of  CO  reaches  a  practically  roustaut 
value  at  the  end  of  50  sec. ;  at  1000'^  in  (5  sec. 

Tlie  curves  in  V\iX.  4  were  ])l()tt(Ml  from  values  of  ./•  {=  ]>er 
€ent  CO)  calculated  fnmi  equation  (13).  The  observed  values  are 
indicated  by  the  small  circles.  By  means  of  ecpiation  (18)  it  is 
])()ssible  to  calculate  the  per  cent  of  CO  corresponding  to  any  giv- 
en gas  velocity  providing  a  and  y  or  L\  and  /..,  are  knowu. 
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VI.     Variations  of  K  and  k^  With  Temperature. 

The  values  of  k^  and  K  given  in  table  7  exhibit  a  systematic 
variation  with  temperature.  If  equations  can  be  found  that  will 
express  k^  and  K  as  functions  of  the  temperature  it  will  then  be 
possible  to  calculate  the  per  cent  of  CO  for  any  time  of  contact 
and  any  desired  temperature.  Such  equations  have  been  deduced 
by  Van't  Hoff  from  purely  thermodynamical  considerations.  They 
are  the  following.^ 


d  {In  K) 
dT 


Q. 


R  r 


and 


d  (  In  l\  ) A 


B  . 


dT 


(15) 


(16) 


In  these  equations,  Q  is  the  latent  heat  of  reaction  at  the  abso- 
lute temperature  T,  A  is  a  function  of  Q  but  is  selected  arbitrar- 
ily, and  B  is  an  arbitrary  function  of  the  temperature.  By  inte- 
gration the  latter  equation  becomes 

^The  symbol  In  in  the  following  equations  stands  for  natural  logarithm. 
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hi   k 


A_ 
T 


BT  -\-  C\ 


(17) 


where  C  is  an  integration  constant.  The  values  of  A,  B,  and  C,  in 
equation  (5)  have  been  determined  from  the  simultaneous  values 
of  A^i  and  T  of  tables  1-6.  Table  8  contains  the  values  of  k^,  ob- 
tained at  various  temperatures  as  well  as  the  values  of  k^  calcu- 
lated from  equation   (17).     The  agreement  is  remarkable  good. 

TABLE  8 

VARI.ATIOX  OF  k\  WITH  TEMPERATURE  (CHARCOAL) 
50910 


Jn  k: 


T 


0.0203  r+  65.3^ 


Temp. 
Beg.   C. 

Absolute  Temp. 
T 

h  (obs) 

Ai    (calc) 

800 
850 
900 
925 
1000 
1100 

1073 
1123 
1173 
]198 
1273 
1378 

0.020 
0.073 
0.154 
0.217 
0.640 
1.490 

0.021 
0.064 
0.159 
0.237 
0.629 
1.53 

In  order  to  integrate  the  equation 


rljbi  K) 
(IT 


Q. 


irr 


it  is  first  necessary  to  determine  the  lieat  Q  as  a  function  of  tlie 
temperature.  It  has  been  sliown  by  Kirclioff  that  the  increase  of 
Q  per  degree  rise  in  temperature  is  equal  to  tlie  difference  of  tlie 
molecuhir  heats  of  the  factors  and  of  the  products  of  the  reaction. 
Following  this  law,  and  taking  the  specific  heat  of  a  factor  or 
product  as  a  linear  function  of  the  temi^erature,  wliich  is  very 
nearly  true  for  gases,  the  relation  between  Q  and  T  is  given  by 
the  equation^ 

(>  =  Qo  +  ^'i  7^  +  (^.  T'  (18) 

In  tliis  e(iuation  Q^  denotes  tlie  lieat  of  reaction  for  T  =  0,  and 
Ci  and  Co  are  obtained  as  follows:  Assuming  that  the  mean  specific 
heat  of  each  gas  is  given  by  an  expression  of  the  form 

^Haber,  Thermodynamics   of   Technical    Gas   Reactions,    p.    49.    eq.    (7a). 
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c  =  a  +  hT, 

then  Ci  is  the  difference  between  the  sum  of  the  a's  of  the  factors 
and  the  sum  of  the  a's  of  the  products;  likewise  C2  is  the  sum  of 
the  5's  of  the  factors  less  the  sum  of  the  ?)'s  for  the  products.  Sub- 
stituting the  value  of  Q  given  by  (18)  in  (15)  the  result  is 

djluK)  _        1      Q        c 

eh  E^Y'^  T  ^  '-^^ 

whence  by  integration 

In  K=\    (I?  -  ^1  ^'^  T-c,T^J^C.  (19) 

The  constants  in  this  equation,  (19),  may  be  determined  by 
either  of  two  different  methods:  by  experimental  determinations 
^^  Qo  ^1?  ^iid  C2,  or  from  four  or  more  simultaneous  observations  of 
K  obs  and  T.  The  first  method  was  adopted  in  this  instance, 
the  following  being  the  values  of  the  quantities  in  question : 

Q,=  -  40166 
Ci  =  -  2.055 
C2  =      0.003104 
C  =       8.604 

In  the  determination  of  c^  and  C2,  Langen's  values  for  the  specific 
heats  of  CO  and  CO2  and  the  value  of  Kunz  for  the  specific  heat  of 
charcoal  were  employed. 

The  value  of  7?  (in  gram-calories  per  deg.)  is  1.985.  Hence 
taking  the  above  constants  and  this  value  of  R^  (19)  reduces  to 

lnK  =  —  — j^ —  +  1.035  InT  —  0.001564  T  +  8.604.  (20) 

Table  9  gives  values  of  K  calculated  from  equation  (20)  along 
with  values  (marked  Kobs  )  obtained  from  observed  values  of  w 
and  T  in  tables  1-6.  In  the  fourth  column  are  the  observed  values 
of  Wy  the  amount  of  CO  in  equilibrium  with  CO2  and  charcoal  at 
temperatures  from  800°  to  1100° ;  and  in  the  fifth  columns  the 
values  of  x  corresponding  to  the  values  of  K  in  the  third  column. 
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The  constants  of  equation  (19)  were  calculated  also  by 
the  method  of  least  squares,  from  simultaneous  values  of  Kobs 
and  Ty  but  the  agreement  was  less  satisfactory  than  by  the  first 
method. 


TABLE  9 

VALUES  OF  A'  AND  OF  X  ., 


Temp.  C. 

A^  (obs) 

A'  (cal) 

X  ^  (obs) 

X  ^  (cal ) 

:/■  ^   (obs) 
Boudouard 

500 

0.000007 

0.021 

600 

0.00013 

0.093 

650 

0.00046 

0.185 

6.39 

700 

0.00137 

0.283 

800 

0.0065 

0.0090 

6.526 

0.582 

6.93 

850 

0.022 

0.020 

0.738 

0.722 

900 

0.059 

0.042 

0.871 

0.832 

925 

0.094 

0.060 

0.912 

0.873 

6.96 

1000 

0.136 

0.151 

0.939 

0.945 

1100 

0.283 

0.448 

0.971 

0.981 

1200 

1.120 

0.994 

1300 

2.455 

0.997 

1400 

4.826 

0.9985 

1500 

8.671 

0.9992 

1600 

14.44 

0.9996 

The  agreement  between  "observed'^  and  "calculated"  values  of 
K  and  k^  in  tables  8  and  9  shows  that  the  changes  of  K  and  /t'l,  with 
temperature  follow  van't  Hoff's  laws.  It  is  possible,  therefore, 
by  means  of  equations  (17)  and  (19)  and  the  values  of  the  con- 
stants of  these  equations  given  in  tables  8  and  9,  to  compute  K 
and  /cj  for  any  desired  temperatures.     Having  the  values  of  K 

and  /Cj  and  consequently  of  /Cg   {^2=   ^.  )  the  per  cent  x  of  CO 

corresponding  to  any  time  of  contact  t  can  then  be  calculated  by 
means  of  equation  (13). 

VII-     Experiments  at  700°. 

In  Fig.  4  the  curve  for  800°  falls  off  very  rapidly  witli  increas- 
ing rate  of  floAv  of  gas.  At  this  temperature  the  gas  velocity  must 
be  exceedingly  low  to  obtain  the  equilibrium  percentage  of  CO. 
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At  temperatures  below  800°  it  was  practically  impossible  to  reach 
equilibrium  AVitli  a  finite  gas  velocity.  A  great  number  of  experi- 
ments were  made  at  700°  but  the  results  were  too  inconsistent  to 
admit  of  mathematical  treatment.  Some  of  the  observations  are 
given  in  the  following  table : 


TABLE    JO 

OBSERVATIONS  AT  700  "C.     (CIIARCOAL). 


t  =  Time  of 
contact  in  seconds 

1 
t 

^CO/100 

86.9 

0.0115 

0.012 

86.2 

0.0116 

0.155 

99.9 

0.0100 

0.077 

23.4 

0.0426 

0.004 

15.0 

0.0668 

0.014 

7.11 

0.1405 

0.009 

9.71 

0.103 

0.022 

5.60 

0.178 

0.006 

5.02 

0.199 

0.008 

4.18 

0.239 

0.012 

These  results  show  that,  except  at  exceedingly  low  velocities, 
the  amount  of  CO  formed  was  never  greater  than  one  or  two  per 
cent. 

VIII.     Experiments  With  Coke  and  Coal. 


The  experiments  with  coke  and  coal  were  conducted  in  the 
same  manner  as  with  charcoal.  The  material  was  crushed  to 
pieces  about  5  mm  on  a  side.  The  constants  a  and  y  of  equation 
(13)  Avere  obtained  for  each  temperature  by  the  method  given  in 
the  appendix.  Tables  11-15  contain  the  results  of  the  observa- 
tions with  coke.  In  the  last  column  of  each  table  are  given  the 
values  of  r,  the  percentage  of  CO  formed,  calculated  from  equa- 
tion (13). 
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TABLE    11 

RATE  OF  FORMATION  OF  CO  FROM  C02  AND  COKE 
AT  A  TEMPERATURE  OF  900'   C. 

ki  =  0.00231 
h  =  0.03686 


Time  of  contact 

in  seconds. 

/ 

1 
/ 

0.0070 
0.0124 
0.0228 
0.0403 
0.0620 
0.1045 
0.2671 

^  CO  100 
Observed 

%  CO'lOO 
Calculated 

142.0 
80.20 
43.91 
24.82 
16.11 
9.575 
3.741 

0.276 
0.131 
0.094 
0.057 
0.049 
0.026 
0.008 

0.278 
0.169 
0.096 
0.056 
0.037 
0.023 
0.009 

TABLE   12 

RATE  OF  FORM.\TION  OF  CO  FROM  C02  AND  COKE 
AT  A  TEMPERATURE  OF  1000'   C. 

ki  =  0.02323 
A-2  =  0.3591 


Time  of  contact 

in  seconds 

t 

1 
t 

%  CO  100 
Observed 

'-^  CO  100 
Calculated 

123.2 

0.0081 

0.784 

0.S66 

80.26 

0.0125 

0.644 

0.795 

33.25 

0.0301 

0.529 

0.527 

18.72 

0.0535 

0.320 

.      0.350 

6.37 

0.1571 

0.139 

0.138 

4.101 

0.2439 

0.115 

0.091 

3.072 

0.3258 

0.092 

0.069 

1.983 

0.5045 

0.063 

0.04.") 
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TABLE  13 

RATE  OF  FORMATION  OF  CO  FROM  C02  AND  COKK 
AT  A  TEMPERATURE  OF  1100°   C. 

h  =  0.1335 
h  =  0.5296 


Time  of  contact 
in  seconds 

t 

1 

%  CO/100 

%  CO/100 

t 

Observed 

Calculated 

90.00 

0.0111 

0.971 

0.971 

29.92 

0.0334 

0.854 

0.955 

13.20 

0.0758 

0.661 

0.817 

6.765 

0.1476 

0.556 

0.592 

3.198 

0.3135 

0.317 

0.346 

1.784 

0.5606 

0.304 

0.211 

1.660 

0.6030 

0.240 

0.1942 

1590 

0.6299 

0.221 

0.190 

1.462 

0.6840 

0.214 

0.177 

0.962 

1.0399 

0.133 

0.121 

TABLE    14 

RATE  OF  FORMATION  OF  CO  FROM  C02  AND  COKE 
AT  A    TEMPERATURE  OF    1200°  C. 

h  =  0.4095 
k2  =  0.6718 


Time  of  contact 

in  seconds 

t 

1 
t 

%  CO/100 
Observed 

fc  CO/100 
Calculated 

18.92 
12.70 
8.250 
2.402 
1.582 
1.080 

0.0528 
0.0788 
0.1213 
0.4160 
0.6320 
0.9260 

0.989 
0.978 
0.953 
0.685 
0.439 
0.335 

0.987 
0.983 
0.956 
0.624 
0.460 
0.357 
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TABLE    15 

RATE  OF  FORMATION  OF  CO  FROM  CO2  AND  COKE 

AT  A  TEMPERATURE  OF  1300'    C. 

h  =  1.483 

A'2  =  0.7313 


Time  of  contact 

in  seconds 

t 

1 
t 

%  CO/100 
Observed 

^  CO  100 
Calculated 

8.860 
4.149 
2.100 
1.130 

0.1129 
0.2415 
0.4760 
0.8850 

0.999 
0.979 
0.932 
0.834 

0.997 
0.997 
0.955 
0.816 

The  results  with  coke  are  shown  graphically  in  Fig.  6.  The 
curves  for  900°,  1000°  and  1100°  are  considerably  lower  than 
the  curves  with  charcoal  for  the  same  temperatures,  except  for 
very  low  velocities. 
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Reciprocal  of  Time  of  Contact, 


Fig.  6. 
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TABLE    16 

RATE  OF  FORMATION  OF  CO  FROM  CO2  AND  ANTHRACITE  COAL 

AT  A  TEMPERATURE  OF  1100°  C. 

h  =  0.119 
JC2  =  1.410 


Time  of  contact 

in  seconds 

t 

1 

t 

%  CO/100 
Observed 

%  CO/100 
Calculated 

34.20 
9.370 
5.415 
3.301 
2.439 

0.0293 
0.1069 
0.1848 
0.3026 
0.4101 

0.8780 
0.6')10 
0.4770 
0.3020 
0.2650 

0.912 
0.657 
0.472 
0.322 
0.251 

TABLE   17 

RATE  OF  FORMATION  OF  CO   FROM  CO2  AND   ANTHRACITE  COAL 
AT  A  TEMPERATURE  OF  1200°  C. 


h 

k2 

=  0.2374 
=  0.1767 

Time  of  contact 

in  seconds 

t 

1 
t 

^CO/100 
Observed 

^CO/100 
Calculated 

47.05 
10.39 
5.070 
2.845 
1.592 

0.0212 
0.0964 
0.1971 
0.3516 
0.6270 

0.997 
0.856 
0.715 
0.423 
0.310 

0.993 
0.901 
0.688 
0.472 
0.309 
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TABLE  18 

RATE  OF  FORMATION  OF  CO  FROM  CO2  AND  ANTHRACITE  COAL 
AT  A  TEMPERATURE  OF  1300°  C. 


0.5791 

0.2016 


Time  of  contact 

in  seconds 

t 

1 

^  CO  100 
Observed 

%  CO,  100 
Calculated 

12.40 
6.030 
3.600 
2.980 
1.908 
1.070 

0.0806 
0.1659 
0.2779 
0.3358 
0.5249 
0.9350 

0.999 
0.965 
0.824 
0.809 
0.663 
0.503 

0.997 
0.968 
0.876 
0.822 
0.668 
0.462 

The  observations  with  anthracite  coal  are  given  in  tables  16, 
17,  and  18,  and  are  illustrated  graphically  in  Fig.  7. 
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Here  the  curves  fall  otf  even  more  rai)idly  than  tlie  curves  for 
coke  in  Fig.  6.     With  very  low  velocities,  that  is,  when  the  time 
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of  contact  is  sufficient  for  the  reaction  to  reach  equilibrium,  the 
percentage  of  CO  formed  is  practically  the  same  with  each  of  the 
three  forms  of  carbon.  As  the  rate  of  flow  of  the  gas  increases, 
the  effect  of  the  difference  in  the  reaction  velocities  becomes  more 
appreciable. 


TABLE  19 

VALUES  OF  Xrr   FOR  CHARCOAL,   COKE,  AND  COAL. 


Temp.  C. 

.'x  (cal) 

.r^  (obs) 
Charcoal 

■'•oo  (obs) 
Coke 

A-y,  (obs) 
Coal 

900 
1000 
1100 
1200 
1300 

0.832 
0.945 
0.981 
0.994 
0.997 

0.871 
0.939 
0.971 

0.875 
0.886 
0.968 
0.987 
0.996 

0.914 
0.994 
0.997 

Values  of  a?  00  the  percentages  of  CO  in  equilibrium  with  CO2, 
and  charcoal,  coke,  and  coal  respectively,  are  given  in  table  19. 
The  values  in  the  second  column  of  this  table  were  calculated 
from  the  values  of  K  in  table  9,  by  means  of  the  equation 

1 =  ^ ) 

A  comparison  of  Fig.  5,  6,  and  7  shows  that  the  reaction 
velocity  is  greatest  with  charcoal  and  lowest  with  anthracite  coal. 
The  temperature  coefficient  of  k^,  the  coefficient  of  reaction  ve- 
locity, was  determined  for  coal  and  coke  in  the  same  manner  as 
for  charcoal.  The  "observed"  and  "calculated''  values  of  Jc^  are 
shown  in  tables  20  and  21. 

The  constant  A^g  in  the  equation 

d[CO-] 


dt 


\  [CO2]  -  k^  [CO]^ 


is  the  coefficient  of  reaction  velocity  of  the  reaction 

CO2  +  C  =  2  CO 

taken  from  right  to  left.     At  the  temperatures  of  these  experi- 
ments, 800° -1300°,  the  carbon  produced  by  the  decomposition  of 
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CO  is  in  the  form  of  lamp  black,  regardless  of  the  form  of  carbon 
present  in  the  reaction  tube,  viz :  charcoal,  coke,  or  coal.  At  any 
one  temperature,  therefore,  /cg  should  be  the  same  in  all  three 
cases.  From  a  comparison  of  tables  1-6,  11-15  and  16-18  it  will 
be  seen  that  there  is  considerable  deviation  in  the  values  of  k2 
for  the  three  forms  of  carbon  used.  This  is  doubtless  due  in  part 
to  experimental  errors.  There  is  a  further  consideration,  how- 
ever, to  Avhich  attention  should  be  called,  viz:  that  the  reaction 
in  question  is  not  reversible.  The  lamp  black  produced  by  the  re- 
verse reaction 

2  CO  =  CO2  +  C, 

is  not  identical  physical^  with  the  form  of  carbon,  charcoal,  or 
coke  that  is  consumed  in  the  formation  of  CO.  Consequently  the 
law  of  chemical  mass  action  is  not  strictly  applicable.  In  the 
systems  under  consideration,  equilibrium  would  not  be  reached 
until  all  the  carbon  has  been  transformed  to  lamp  black. 


TABLE  20 

VARIATION  OF  k\  WITH   TEMPERATURE  (COKE) 

lnTci=   -  ^—  -  0.009699  T+  45.597 

Temp.  C. 

T 

hi  (obs) 

ki   (calc) 

900 
1000 
1100 

1200 
1 300 

1173 
1273 
1373 
1473 
1573 

0.0024 
0.021 
0.121 
0.473 

1.38 

0.0023 

0.023 

0.134 

0.410 

1.48 

TABLE   21 

VARIATION  OF    k\  WITH  TEMPERATURE  (ANTHRACITE  COAL) 
31972 


In  k 


T 


+  0.02272  T 


5().60: 


Temp.  C. 

T 

A-i 

1100 
1200 
1300 

1373 
1473 
1573 

0.119 
0.237 
0.579 
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IX.   Application  of  Experimental  Results  to  the  Processes  of 
THE  Gas  Producer  and  Boiler  Furnace. 

As  stated  in  the  introduction,  the  experiments  here  described 
were  undertaken  primarily  to  determine  the  temperature  neces- 
sary for  the  formation  of  high  percentage  CO  gas  in  the  fuel  bed 
of  the  gas  producer,  and  to  ascertain  the  conditions  that  govern 
the  formation  of  CO  in  boiler  furnaces.  The  results  here  pre- 
sented indicate  that  the  amount  of  CO  formed  in  the  gas  pro- 
ducer depends  on  three  factors:  (1)  the  temperature;  (2)  the 
depth  of  the  hot  portion  of  the  bed;  and  (3)  the  rate  of  flow  of 
gas  through  the  bed.  Stated  in  a  more  concise  form,  the  per- 
centage of  CO  formed  depends  on  the  temperature  and  the  time 
of  contact  of  gas  and  carbon,  i.  e.,  the  average  time  required  for 
a  molecule  of  gas  to  pass  through  the  fuel  bed.  The  variation  of 
the  percentage  of  CO  with  the  rate  of  flow  of  gas  is  illustrated 
in  Fig.  4,  6  and  7.  The  curves  for  coke,  Fig.  6,  may  be  taken  as 
representing  the  conditions  in  the  fuel  bed  of  the  producer.  At 
1300°  C,  for  example,  with  zero  velocity  (time  of  contact  =  oo) 

practically  all  the  CO2  will  be  converted  to  CO ;  when    -   =  0.5, 

z 

(time  of  contact  t  =  2  sec),  90  per  cent  CO  is  obtained;  and 
when  t  =  1  only  80  per  cent  CO  is  formed.  In  a  fuel  bed  one 
foot  in  depth,  since 

1   _      velocity  of  gas     _  v 
t         depth  of  fuel  hed  ~  I 

a  time  of  contact  of  ^  =  2  sec.  corresponds  to  a  velocity  0.5  ft. 
per  sec.  and  ^  =  1  to  a  velocity  of  1  ft.  per  sec.  At  1300°  C, 
then,  in  a  fuel  bed  one  foot  in  depth,  with  a  velocity  of  0.5  ^^..  per 
sec.  90  per  cent  of  CO  would  be  formed  and  with  a  velocity  of 
1  ft.  per  sec.  80  per  cent.  In  a  fuel  bed  two  feet  in  depth,  the 
gas  velocities  corresponding  to  the  same  percentage  of  CO  would 
be  twice  as  great.  In  other  words,  for  given  conditions  of  tem- 
perature and  quality  of  gas,  the  depth  of  bed  and  velocity  of  gas 


^2 
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must  vary  proportionally  and  their  ratio  j   must  remain  con- 
stant.   A  fuel  bed  one  foot  in  depth  and  a  gas  velocitv  of  one  foot 
per  second  should  yield  the  same  percentage  of  CO  as  a  bed  tAvo 
feet  in  depth  with  a  gas  velocity  of  2  ft.  per  sec. 

It  is  impossible  to  determine  accurately  the  velocity  of  the 
gas  through  the  producer  fuel  bed,  on  account  of  the  difficulty  of 
estimating  the  magnitude  of  the  passages  through  the  bed.^ 
The  velocity  lies  probably  between  0.5  and  5.0  ft.  per  sec. 
The  right  half  of  the  curves  in  Fig.  6  lies  within  these  limits  and 
therefore  corresponds  approximately  to  the  conditions  of  pro- 
ducer operation. 
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In  Fig.  8  is  shown  graphicalh'  the  variation  with  teuii)era- 


ture  of  the  amount  of  CO  formed  with  different  values  of   -.  The 

'When  any  given  number  of  pounds  of  air  is  passed  per  second  through  a  fuel 
bed  of  given  dimensions,  the  velocity  through  the  bed  will  increase  as  the  per- 
centage of  voids  is  decreased.  Thus  the  velocity  will  be  much  higher  with  slack 
coal  than  with  uniformly  sized  nut  coal.  Further,  the  per  cent  of  voids  will 
be  influenced  by  the  amount  of  coking  and  clinkering. 
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ordinate  is  the  per  cent  of  CO  in  gas  containing  initially  21  per 
cent  CO2  (air  in  which  the  oxygen  has  been  converted  quantita- 
tively to  CO2).  The  abscissa  is  temperature  in  degrees  Centigrade. 

The  upper  curve,     -    :=  0,  represents  the  maximum  amount  of 

CO  which  could  be  produced  from  air.  The  intersection  of  the 
curve  for  any  velocity  with  a  given  horizontal  line,  for  example, 
the  line  for  CO  =  30  per  cent,  gives  the  temperature  required 
to  form  that  amount  of  CO  with  the  particular  velocity.  Thus 
to  obtain  30  per  cent  CO  with  a  velocity  of  one  foot  per  sec. 
(length  of  bed  =  1  ft.)  will  require  a  temperature  of  1360°  C, 
and  with  a  velocity  of  2  ft.  per  sec,  1435°.  The  curves  of  Fig.  6 
and  8  indicate  that  the  temperature  of  the  producer  bed  should 
not  be  less  than  1300°  C. 

These  investigations  demonstrate  that  a  very  high  tempera- 
ture is  necessary  for  the  production  of  CO  from  CO2  and  carbon. 
There  are  other  considerations,  however,  which  are  opposed  to 
the  operation  of  the  fuel  bed  of  the  gas  producer  at  extremely 
high  temperature — above  1300°  C. :  A  high  temperature  of  fuel 
bed  means  that  the  gases  will  leave  the  producer  at  a  high  tem- 
perature and  thus  lower  the  efficiency  of  the  producer.  The  gain 
in  capacity  will  therefore  be  accompanied  by  a  loss  in  efficiency, 
unless  the  heat  of  the  gases  can  be  used  efficiently  for  generating 
steam  and  preheating  the  air  blast.  Also  a  high  temperature  fav- 
ors clinkering.  In  the  application  of  the  results  of  these  experi- 
ments to  commercial  producers  and  furnaces  it  will  be  necessary 
of  course  to  consider  the  various  questions  that  are  involved. 

Various  explanations  have  been  suggested  to  account  for  the 
presence  of  small  amounts  of  carbon  monoxide  in  the  flue  gases 
of  boiler  furnaces.  Perhaps  the  one  most  generally  accepted  by 
engineers  is  that  the  oxygen  of  the  air  first  unites  with  carbon 
to  form  CO2  and  that  as  this  gas  passes  up  through  the  hot  fuel 
bed  it  combines  with  carbon  in  accordance  with  the  equation 

CO2  +  C  =  2  CO. 
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Assuming  this  to  be  the  correct  explanation,  then  the  ques- 
tion to  be  solved  is  what  conditions  are  favorable  to  this  reaction 
and  what  conditions  will  tend  to  retard  it.  In  the  preceding  para- 
graphs it  has  been  shown  that  the  higher  the  velocity  of  the  gas 
and  thinner  the  fuel  bed,  the  less  will  be  the  percentage  of  CO 
formed.  A  heavy  fuel  bed  in  the  boiler  furnace  would  tlierefore 
favor  tlie  formation  of  CO.  Also,  the  greater  the  supply  of  air  to 
a  given  depth  of  bed,  the  less  should  be  the  tendency  to  form  CO. 

X      Summary    and  Conclusions. 

1.  The  rate  of  formation  of  CO  in  the  reaction, 

CO2  +  C  =  2  CO 

has  been  determined  witli  charcoal  from  800°  to  1100°  C,  witli 
coke  from  900°  to  1300°  C,  and  with  anthracite  coal  from  1100^  to 
1300°  C. 

2.  The  differential  equation  for  tlie  velocity  of  incomplete 
reactions 

d.r  a    -^    1 

777  =  ^(  '^  ~   —J-  ■"  )  -  ^'--'^ 

has  been  solved  for  given  values  of  l:\  and  A'^,  and  it  lias  been 
shown  (in  the  appendix)  that  the  method  is  applicable  to  other 
cases. 

3.  Van't  Hoff's  laws  for  the  variation  of  equilibrium  con- 
stants and  coefficients  of  reaction  velocity  with  temperature  liave 
been  applied  to  the  values  of  k^  and  K  obtained  in  these  exi)eri- 
ments,  and  a  close  agreement  between  observed  and  calculated 
values  has  been  found. 

4.  Hy  means  of  the  equations  ex])ressing  the  laws  referred 
to  in  paragraphs  (2)  and  (3)  it  is  possible  to  compute  the  per- 
centage of  CO  formed  at  any  teiii])eratnre  and  with  any  time  of 
contact. 

5.  It  has  been  shown  that  for  the  production  of  a  high  per- 
centage of  CO  gas,  the  producer  fuel  bed  should  have  a  tem])era- 
ture  of  1300°  C.  or  over,  and  that  increasing  the  (le]>th  of  the  hot 
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portion  of  the  bed  will  increase  the  percentage  of  CO,  and  conse- 
quently the  capacity  of  producer  at  first  rapidly  and  then  more 
and  more  slowly. 

6.  To  minimize  the  production  of  CO  in  the  boiler  furnace  the 
fuel  bed  slionld  be  tliin.  Increasing-  the  velocity  of  the  gas  will 
tend  to  decrease  rather  than  increase  the  percentage  of  CO  formed. 
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APPENDIX 

on  the  computation  of  the  constants  of  the  reaction 

equation 

By  Charles  N.  Haskins. 
1.     Reduction  and  Integration  of  the  Differential  Equation. 

The  differential  equation  is 

dx        ,     .  a  -\-   1      .  ,2 

-—  =  k^  {  a  -   — 2 —  ^  )    ~   ^20?% 

where        lOO  «  =    %   (  CO  +  CO2  )    at  time  t  =  0,  (1) 

100  a-  =   %   CO  at  time  t, 
t  =   time  in  seconds, 

and  A:i  and  ^2  ^^^  the  two  constants  of  the  reaction  the  values  of 
which  are  sou:i;ht.    The  initial  condition  is  that 

X  =  0,  when  t  =  0.  (2) 

To  integrate,  we  introduce  a  new  variable  z  and  new  con- 
stants a,  y,  defined  by  the  relations 

'2  a  z 


The  differential  equation  becomes,  under  these  substitutions. 
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r 


-or  -  ^^■^'  -  ^'  >  (*) 


with  tlie  initial  condition     2"  =  0,  when  f  =  0.  (5) 

Integrating,  we  have 


In'  ?1^  ==  2  o.t  ;  (6) 


and  solving  for  z, 


a  t    _ 


'     ^at   J^   e     -at  '•  V     / 


wlience,  substituting  in  (3), 

2   ay    tanli    at 


{^)( 


1  +  r  z'r//?/?  ^-^^ 


(8) 


2.     The  Equation  for  y  and  the  Criterion  for  the  Existence 
OF  One  and  Only  One  Root. 

We  have  (equation  8)  an  expression  by  means  of  which  the 
per  cent  of  CO  at  any  time  t  may  be  computed  if  the  constants 
7  and  a  are  known.  We  now  wish  to  determine  y  and  a  from  two 
pairs  of  observed  corresponding  values  of  t  and  x.  Let  these  two 
pairs  be  (^i,  ^),  and  (  ^2  ^2)?  ^^^  let  ^2  >  *i- 
Then  since  a  is  known  we  may  compute 


and  have 

Ih  '''-r^  =    2  at^  ,        /,.  '^^^  =  2  ../•.>,  (9) 

from   whicli   y  and  a  are  to  be  determined.       Eliminating  a,  we 
readily  obtain 

/,/+-  =.;-^  /.ii±£i.  (10) 

r  —  z-i         T\         r  —  ^i 

'The  symbols  In  x,  log  x  will  oe  used  to  denote  the  natural  and  the  common 
logarithm  of  x,  respectively. 
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The  determination  of  y  and  a  depends  therefore  on  the  solution  of 
this  (transcendental)  equation  in  y. 
Consideration  of  the  function 

U(r)  =  t,  U^^-^  -   t.  In  ^C±ll.  (11) 


and  of  its  derivative 

U'ir)  ^  - 

f  -   2\ 


(12) 


shows  that  the  equation 


Z/i^li^    =^  In^^^^  (10) 

r  -  z-i        ti       r  -  zi 

has  a  root  y  >  Z2  when  and  only  when 

^2^1    —    iiZ9   >  0,  that  is,  —  <   -^  ,  (18) 

z\         h 

If  a  root  exists  there  is  but    one,    and    it  satisfies  the  in- 
equalities 


I       ^       {t2Z2     -    h  Zi    ) 


Z2<  r<  Jziz^-^-- (14) 


The  inequality  (13)  furnishes  a  negative  criterion  for  the 
applicability  of  the  differential  equation  (1)  to  a  reaction  under 
investigation.  For  if  the  reaction  is  governed  by  equation  (1) 
and  if  the  observations  are  made  with  sufficient  accuracy  there 
must  exist  a  y  satisfying  equation  (10)  and  hence  the  inequality 
(13)  must  be  satisfied.  If,  then,  this  inequality  is  not  satisfied, 
and  hence  no  such  y  can  be  found;  then  either  the  assumptions 
involved  in  (1)  must  be  invalid,  or  there  must  be  errors  in  the 
observations.  On  the  other  hand,  if  (13)  is  satisfied  we  can  only 
conclude  that  (1)  may  be  applicable,  and  we  proceed  to  deter- 
mine whether  it  is  so  by  computing  y  and  a  and  comparing  the 
values  of  co  computed  by  means  of  (8)  with  the  observed  values 
of  w. 
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3.    Solution  of  the  Equation  /// '-  —  ~  In  . 

If  the  selected  pairs  (^i,  ^i),  {t^^  x^)  of  observed  values  satisfy 
the  criterion 

-^  <   4^  (13) 

we  compute  y  as  follows.     Passing,  for  convenience  of  computa- 
tion, from  natural  to  common  logarithms,  we  have 


r  +  z,  t,        r  +  z, 

tog    =  -—  lofj . 

/'  —   z.,  ty      '  r  —   Z\ 

Assume  now  a  value  for  y,  sa}'  y  =  y^, 
where 


(JOa 


^  U     cy      —    ty    ^.i 


Tlien  we  may  compute  a  quantity  Jog  T^  by  the  equation 

log  y^  =  i-log'-^^^^  ,  (15) 

Determine  now  a  new  value  of  y,  y  =  y^,  by  the  relation 

%r^'-%^v,  (i6) 


that  is, 

y-i  —  ■'■■2 


y,  (i()a) 


^^^,  + 1 


(l(3h) 


Proceed  now  to  determine  a  new  api>roximation  y..  from  y^  in  tlie 
same  way  that  yo  was  determined  from  yi,  and  continue  the  pro- 
cess until  its  repetition  produces  either  no  cliange,  or  a  eliange 
whicli  is  negligible  compared  with  the  experimental  errors.  It 
will  be  found  that  in  general  the  process  converges  fairly  rapidly 
and  only  a  few  repetitions  are  necessary. 

'This  computation  may  be  abridged  by  the  use  of  Gaussian  logarithms. 
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Suppose,  then,  that  y  has  been  found  by  this  process.    Then 
a  is  computed  by  either  of  the  relations 

2  «  =  -1  In  ?1±_5  ,     2  .  =  ^  In  '-±^  (9a) 

or,  what  amounts  to  the  same  thing,  if  iSl  is  the  last  of  the  numbers 
iVj  A's, ....  used  in  computing  y, 

2a  =  ^  ln''-^^=^  In  N  =  \-  log  N '  ^/i  10, 

(17) 
2.3026,      ^,  ^ 

2  «  =  — - —  log  iV. 


4.     Computation  of  the  Keaction-Constants  A^j,  A;2,  and  Veri- 
fication OF  THE  Reaction-Equation. 


When  the  constants  a,  y  have  been  computed  we  can  find  the 
original  constants  /Ci,  /cg  by  the  relations 

'"  =  ^IT  ■  fe  =  i  C-t-'V  "  -  ^'1.  (8) 


f-f) 


ffi    V      2 


To  determine  the  applicability  of  the  reaction-equation  (1)  to  the 
case  in  hand,  we  have  now  only  to  introduce  the  values  a,  y,  just 
found  into  the  equation 

z  —  r  tank  at ,  (7) 

2  a  r  tank  o.t 

(8) 


X     = 


m 


1   +    r    tank  at 


and  compare  the  values  of  c^  or  ^  obtained  with  those  found  by 
observation.  For  this  purpose  equation  (7)  is  the  simpler,  espe- 
cially when  the  ;2;'s  corresponding  to  observed  values  of  x  have 
already  been  computed. 
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5.     Correction  of  the  Constants  a,  y  by  the  Method  of  Least 

Squares. 

The  constants  a,  y  obtained  above  are  determined  by  two  pairs 
of  observations  only.  It  is  of  course  desirable  that  all  the  obser- 
vations be  used  in  fixing  their  values,  as  on  account  of  experi- 
mental errors  the  values  obtained  from  different  pairs  of  observa- 
tions will  in  general  not  be  identical.  We  proceed,  therefore,  to 
correct  the  constants  by  the  Method  of  Least  Squares. 

Let  {ti,Xi)]{t2,X2)\ . .  .{tn ,  Xn )  be  n  observed  pairs  of  values  of 
t  and  X.  The  problem  is  then  to  determine  a  and  y  in  such  a  way 
that  if 

In  ('''-r^^^  -  2  a  t,  =  <5,  (6^) 


then 

7l8'^   X'-^J  (18) 

1 

sliall  be  a  minimum. 

In  order  that  a  and  y  shall  make  n^"^  a  minimum  they  must 
satisfy  the  so-called  normal  equations : 

2     da  ^  (Ja  ^  (  \y  -  z-  I    ) 

?ld('r)  "  dSi 

^   (r  +  Si      r  -  ii  \l      \r  -  --i  I  S 

These  equations  may  be  written 
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As  their  exact  solution  in  their  present  form  is  impracticable  on 
account  of  their  complexity  we  replace  them  in  the  usual  way 
by  a  system  of  approximately  equivalent  linear  equations,  by 
making  use  of  the  fact  that  the  quantities  u^  v  by  which  a  jmd  y 
differ  from  ao,  yo  respectively  are  small  compared  with 
«to,  yo. 


Substituting 


we  have 


a  =   a^  ^  U 


(21) 


2^1:^  tl-\-  Z^  ii  ^' 


To  -  Zi 


1  + 


Z^  u 


n  +  Zi 


ln\  ^-^±-^  \-2o.U 
ro  —  Zi 


1 


Zi  In 


-1      1 

V 

\ 

J-  4- 

ro 

— 

Zi 

1     , 

V 

J-  + 

(22) 


^        (       \  ro  -  ^i 


2    ao^^ 


^       (^?  -  ^?)  1   + 


2rov  +  v"^ 
rl  -  ^2 


Expanding  the  logarithms  by  Maclaurin's  series  and  neglecting 
terms  of  the  order  of  uv  and  v^  in  comparison  with  those  of  the 
order  of  ii  and  v  we  have 


u 


Z'  ^'i  +    «  Z';:? 


ti  Zi 


h^(ln'^^'' 


To  -  Zi 


"O^i    ) 


1    r§-^+'V    (rS-4)       r  (r^-^)V 


(23) 


In  ^Q  +  ^^"        o         4 


Expressing  the  natural  logarithms  in  terms  of  common  logar- 
ithms we  have,  putting 
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/5  -  ^-  /-o  -  ^i 

K^    ^Ai5  =  1.15129     ,     M  =  ^^  =  0.86859  a^    ; 


Xi  ^?  +  I'  E'  ^'  ^'  =  ^'Z'  ^'  ^''    '  ^24> 


'l  1 


n  71 


1  1  1 


(2t)) 


or  in  the  usual  notation  of  the  method  of  least  squares 

u  [A  A]    +  t;  [A  i?]   =  ^  [A  C], 

t^  [5  A]    +  v\BB\  =  K  [SO]. 

From  these  equations  u  and  v     are  readily  computed  and  hence 
the  corrected  values 

7  =  ^0  +  ^^ 

(21) 

7  ^  «o  +  ^' 

are  found. 

6.    Application  of  the  Method  of  §§  3,  4  to  other  Equations 
OF  Reaction- velocity. 

The  well  known  equation^ 

i^-  =  ^,  (1  -  X  Y  -   h  x~ ,  (27) 

with    the    initial    condition    a?  =  0,  when  ]^  =  0,    is    reducible 
by  the  substitutions 

X 


(28) 


to  the  form  we  have  considered,  viz. : 

'Of  Nernst,  Theoretische  Chemie,  5  Aiifl,  p.  564;  2d  English  edition,  p.  568. 


1 

— 

X 

^ 

N 

k, 

h 

? 

( 

h 
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with  the  initial  condition  z  ^  {)  when  it  =  0.     Its  integral  is, 
therefore, 

In  LJlI  =  2at  ^  (6) 

or  z   —   r  tank   «^,  (7) 

T  tanh    o-t 
^   =      1  +    r    tank   at     '  (8) 

und  the  constants  are  determined  by  the  equation 


if  the  criterion 


^2  ^2 


is  satisfied. 

The  more  general  equation^ 

^—  ^   A^i  (<iri    -    x)  (^1    -    a?)  -    A^2  {^h  +  »')  {^2  +  ^)^       (29) 

with   initial  conditions  ^  =  0,  when  ^  =  0  is  reducible  by  a 
substitution  of  the  form 

X   —  -j .  (30) 

where  />  and  ^r  are  constants  depending  on  aj,  &i,  a2,  &2  ^'^^  ^^^^  <^'^ 
fci,  A:2,  to  the  equation 

The  initial  conditions,  however,  are  now  not 

^  =  0,  0  =  0,  (5) 

but  ^5  =  0,  ^  =:  —  =  2o  ;  (5') 

and  hence  the  integral  and  the  equation  determining  the  con- 
stants are  more  complicated. 

'Cf.  Nernst,  Theoretische  Chemie,  5  Aufl.  p.  543;  2d  English  edition,  p.  542. 
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The  equation  determining  7  is 


and  the  criterion  for  the  existence  of  a  solution  is 

^2^1  -  h^2-  iU  -  ti)  h  >  0.  (32) 

The  solution,  if  existent,  is  unique,  and  is  determined  by  i 
process  similar  to  that  of  §  3. 

7.    Conclusion. 

The  analysis  in  the  preceding  sections  furnishes  a  simple 
negative  criterion  (13)  or  (32)  for  the  applicability  of  the  differ- 
ential equation  (1)  or  (29)  to  a  given  reaction  and,  in  case  this 
criterion  is  satisfied,  provides  a  straightforward  method  of  com 
puting  the  numerical  values  of  the  reaction  constants  k^  and  A:, 
from  any  two  pairs  of  observed  corresponding  values  of  x  and  t. 
It  renders  unnecessary,  moreover,  except  as  a  matter  of  controL 
any  observations  of  equilibrium  conditions. 

The  detailed  discussion  of  the  more  general  equation  (2Vj)  is 
reserved  for  subsequent  publication. 
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General  Introduction 

This  bulletin  describes  one  hundred  thirty  fuel  tests  with 
house-heating  boilers.  For  convenience,  it  has  been  divided  into 
three  parts. 

Part  I  describes  48  tests  made  by  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  when  burning  the  vari- 
ous kinds  of  fuel  commonly  used  in  house-heating  work  in  the 
state  of  Illinois. 

Part  II  relates  to  58  tests  made  under  the  direction  of  the 
United  States  Geological  Survey  at  St.  Louis,  Missouri.  Of  these 
tests,  47  were  upon  briquetted  fuel,  and  11  upon  raw  coal. 

Part  III  describes  24  tests  made  by  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  using  briquetted  fuel. 

All  these  tests  were  conducted  under  conditions  which  dif- 
fered considerably,  and  by  methods  differing  more  or  less  in  de- 
tail. The  tests  made  by  the  Engineering  Experiment  Station  at 
the  University  of  Illinois  extend  over  a  considerable  length  of 
time  and  have  been  carried  on  by  regular  members  of  the  fuel 
test  division,  occasional  changes  in  the  personnel  having  been  re- 
quired. The  observations  on  the  tests  made  at  St.  Louis  were  all 
made  by  one  observer.  For  these  reasons,  therefore,  the  results 
are  hardly  comparable,  except  in  a  more  or  less  general  way,  and 
little  attempt  has  been  made  to  make  such  comparisons. 

The  descriptive  matter  and  discussion  included  in  each  part 
apply  to  its  own  series  of  tests,  unless  otherwise  stated.  Most 
of  this  descriptive  matter  and  discussion  has  been  incorporated 
in  connection  with  the  tests  of  Part  I.  Part  II  and  Part  III  are 
for  the  most  part  a  compilation  of  data  and  results  of  the  tests 
considered.  The  tests  made  at  St.  Louis  under  the  supervision 
of  the  United  States  Geological  Survey  are  reported  and  discussed 
in  Bulletin  366  issued  by  that  department.  The  Engineering  Ex- 
periment Station  is  under  obligation  to  the  United  States  Geolog- 
ical Survey  for  the  information  concerning  the  St.  Louis  tests 
here  published. 
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I.     Fuel  Tests  with  House-heating  Boilers  made  by  the 

Engineering  Experiment  Station 

(48  tests  with  representative  fuels) 

1.  Introduction 

The  purpose  of  these  tests  was  in  general  two-fold.  First, 
to  obtain  the  information  usually  obtained  from  boiler  trials  when 
operating  upon  house-heating  boilers  with  various  types  of  fuel 
commonly  used  for  domestic  purposes,  in  order  that  comparison 
might  readily  be  made;  second,  to  obtain  information  that  might 
assist  in  developing  satisfactory  methods  for  conducting  house- 
heating  boiler  trials  whether  the  object  of  the  test  be  to  test  the 
fuel,  the  equipment,  or  the  two  combined. 

Some  of  the  more  important  deductions  drawn  have  been 
summarized  in  the  paragraphs  immediately  following.  The  data 
and  discussion  relative  to  these  deductions  will  be  found  in  subse- 
quent portions  of  the  bulletin.  The  conclusions  regarding  meth- 
ods for  conducting  house-heating  boiler  trials,  having  been  drawn 
from  one  series  of  tests  during  which  most  of  tlie  important  con- 
ditions were  maintained  constant,  they  can  be  considered  as  of 
only  a  preliminary  nature.  Further  tests,  under  varying  condi- 
tions, will,  it  is  hoped,  furnish  further  information  in  this  connec- 
tion. It  was  deemed  advisable  to  present  the  information  relative 
to  the  tests  as  fuel  tests  at  this  time  together  with  such  sugges- 
tions as  could  be  made  in  regard  to  methods  for  conducting  such 
tests. 

2.  Summary  of  Conclusions 

A.     Etficiency  and  Fuel  Cost 

{l).  The  evaporative  efficiencies  of  house-heating  boilers  vary 
greatly  with  changes  in  other  conditions  and  extreme  care  should 
be  used  in  making  comparisons. 

{2).  The  efficiencies  for  the  tests  under  consideration  varied 
from  44%  to  66%;  thus  covering  about  the  same  range  or  a  some- 
what lower  range  than  is  found  in  power  boiler  work. 

is).  A  still  wider  range  of  efficiencies  will  exist  under  the  va- 
riable capacity  conditions  common  to  average  residence  heating 
work. 
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U).  The  range  in  efficiencies  found  was  due  principally  to  the 
different  kinds  of  fuel  tested. 

(-5).  Fuels  high  infixed  carbon  content,  such  as  anthracite  and 
coke,  give  relatively  high  efficiencies  as  compared  with  fuels  low 
in  fixed  carbon  content. 

(6').  Present  methods  of  burning  and  'present  types  of  boilers  are 
particularly  well  adapted  to  burning  anthracite  and  other  coals 
high  in  carbon  content. 

(7).  Coke  burning  presents  special  problems  as  to  methods  of 
burning  and  construction  of  equipment. 

{8).  A  high  fixed  carbon  content  as  opposed  to  a  high  volatile 
content  is  desirable  in  a  fuel  for  domestic  purposes. 

{9).  The  loio  efficiencies  with  fuel  of  high  volatile  content,  such 
as  the  Illinois  coal,  indicate  the  necessity  of  improvement  as  to 
equipment  and  methods  of  burning  in  order  that  this  fuel  may  be 
placed  more  nearly  on  an  equal  footing  with  other  fuels  in  this 
respect  when  employed  for  house-heating  purposes. 

{lO).  Variations  in  efficiencies,  apparently  due  to  slight  changes 
in  fire  and  other  conditions  indicate  the  possibility  of  obtaining 
higher  efficiencies  in  many  cases  by  careful  attention  to  details 
relating  to  fuel,  operation  and  equipment. 

{11).  Illinois  coal  may  be  obtained  at  from  i  to  i  of  the  cost 
per  ton  of  anthracite.  The  cost  per  British  thermal  unit  will  be 
relatively  slightly  higher  for  Illinois  coal  than  when  expressed 
as  cost  per  ton.  Roughly,  however,  10,000  B.  t.  u.  can  be  pur- 
chased in  Illinois  coal  at  from  i  to  i^  of  the  cost  in  anthracite. 

{12).  Illinois  coal  is  considerably  cheaper,  expressed  both  as 
cost  per  ton  and  as  cost  per  British  thermal  unit  than  Pocahontas 
coal  or  coke. 

{is).  Fixed  carbon  can  be  bought  much  more  cheaply  in  the 
form  of  coke  than  as  anthracite,  and  at  as  low  or  lower  a  price 
than  it  can  be  purchased  in  Pocahontas  or  Illinois  coal. 

{ijf).  With  Illinois  coal  as  fuel,  water  can  be  evaporated  in 
house- heating  boilers  at  about  50%  of  the  fuel  cost  of  anthracite 
and  about  75%  of  the  fuel  cost  of  Pocahontas  coal  or  coke. 

(lo).  The  relatively  loio  cost  of  Illinois  coal  especially  as  com- 
pared with  the  eastern  coals  will  insure  its  continued  use  for  do- 
mestic purposes.  The  amount  of  this  fuel  used  for  such  purposes 
will  probably  increase  in  spite  of  the  disadvantages  at  present 
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connected  with  its  burning.  This  condition  emphasizes  the  ne- 
cessity for  improvement  in  the  methods  of  burning  the  cheaper 
fuel. 

(16).  The  low  fuel  cost  of  evaporation  for  lUinois  coal  as  com- 
pared with  coke  is  considerable  and  will  insure  the  continued  use 
of  the  raw  coal  until  prices  of  the  two  fuels  are  more  nearly  equal. 
Improvement  in  methods  of  burning  and  equipment  are  needed 
for  burning  each  of  these  fuels  and  such  improvements  will, 
doubtless,  affect  the  relative  quantity  of  each  which  is  used. 

(17).  Improvements  tending  toward  a  reduction  of  smoke,  dirt 
or  other  disadvantages  connected  with  the  burning  of  the  cheaper 
coal  will,  doubtless,  also  increase  the  efficiency  with  which  that 
fuel  may  be  used  and  make  the  fuel  cost  differences  still  more 
favorable  to  the  cheaper  juel. 

{18).  Based  upon  'present  prices  of  Illinois  coal  and  considering 
evaporative  performance  only,  anthracite,  for  instance,  is  worth 
only  from  S3. 00  to  $4.00  per  ton.  The  additional  amount  which 
is  paid  for  it  must  be  considered  as  expended  for  advantages  pos- 
sessed by  the  anthracite,  such  as  cleanliness  and  ease  of  fire  con- 
trol, which  are  not  possessed  by  the  other  fuel. 

B,     Cleanliness^  Control,  Attendance 

(19).  Anthracite  and  Pocahontas  coal  are  particularly  well 
adapted  to  maintaining  uniform  pressure  and  fire  conditions  over 
a  long  period  of  time  with  little  attention.  The  quick- burning 
Illinois  coals  are  much  less  reliable  in  this  respect. 

{20).  SoUsfactory  regulation  is  more  readily  accomplished  with 
the  eastern  fuels  and  with  coke  than  with  the  Illinois  coal. 

(21).  The  total  attendcmce  required  may  be  considerably  less 
when  burning  anthracite  than  the  other  fuels.  The  same  may  be 
said  in  general  as  between  coke  and  Pocahontas  as  compared  with 
the  Illinois  coal.  This  condition  would  be  especially  noticeable 
in  connection  with  heating  apparatus  used  in  residence  work. 

{22).  Anthracite  and  coke  possess  marked  advantages  over  the 
other  fuels,  especially  over  the  Illinois  coal,  with  respect  to 
cleanliness.  They  are  in  general  cleaner  in  and  about  the  boiler 
room  and  do  not  smoke,  either  from  the  chimney  or  in  the  boiler 
room.  Little  trouble  is  had  with  soot  or  ash  in  the  fiues  and  with 
reasonable  care  noxious  gases  should  not  be  given  off  in  the  fur- 
nace room;  also,   the  ash  is  small  in  amount  and  easilj^  handled. 
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Clinkering  may  take  place  to  some  extent. 

(23).  Pocahontas  coal  is  less  clean  to  handle  than  anthracite 
or  coke,  makes  some  smoke,  soot  and  other  dirt  and  burns  with  a 
small  amount  of  very  easily  handled  ash  which  is  not  apt  to 
clinker. 

(^^).  Illinois  coal,  comparatively  speaking,  smokes  badly, 
deposits  a  large  amount  of  soot  in  the  flues,  may  cause  the  emis- 
sion of  smoke  and  noxious  gases  into  the  boiler  room.  It  is  dirty 
to  handle  in  and  about  the  boiler  room.  The  amount  and  per- 
formance of  the  ash  in  the  fire-box  vary  considerably  with  dif- 
ferent kinds  of  Illinois  coal.  In  general,  however,  the  ash  is  con- 
siderable in  amount  and  clinkers  to  a  greater  or  less  extent,  some- 
times badly. 

i^o).  Washing  and  sizing  Illinois  coal  eliminate  to  a  very  con- 
siderable extent  the  objectionable  features  with  regard  to  smoke, 
soot,  dirt  and  ash  just  mentioned. 

C,     General 

(26).  In  considering  house-heating  boiler  tests,  a  number  of  im- 
portant considerations,  such  as  efiiciency,  fuel  cost,  attendance, 
control,  cleanliness  and  equipment  must  be  taken  into  account. 
The  relative  importance  of  such  factors  can  not  be  stated  definite- 
ly and  varies  greatly  with  the  nature  of  the  service  required  of 
any  given  installation, 

(27).  Efficiency  and  fuel  cost  may  become  the  items  of  greatest 
importance  where  heating  work  is  upon  a  comparatively  large 
scale  approaching  power  boiler  conditions. 

(28).  Simplicity  and  the  ease  with  which  the  heating  apparatus 
can  be  cared  for  may  be  of  greater  importance  than  high  evapo- 
rative efficiency. 

(29).  TJie  condition  luhich  requires  the  minimum  amount  of  at- 
tendance may  be  the  most  satisfactory  and  economical  and  more 
than  offset  the  consumption  of  some  extra  fuel. 

(so).  The  ability  to  get  up  steam  quickly,  and  to  maintain  uni- 
form pressure  and  fire  conditions  over  comparatively  long  periods 
of  time  may  be  of  greater  im-portance  than  questions  relating  to 
either  fuel  or  equipment. 

(31).  The  desire  or  necessity  for  cleanliness  with  respect  to 
smoke,  soot,  ash  and  dust  or  dirt  in  the  boiler  room,  may  warrant 
the  use  of  high  priced  fuel. 
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D.     Method  of  Conducting  Tests 

{32).  In  general  the  test  should  be  made  under  conditions 
approximating  those  of  the  service  which  is  required  of  the  fuel 
and  equipment.     To  do  this  will  require  tests  of  two  kinds. 

(a)  If  the  load  demand  is  fairly  constant  and  comparatively 
high,  test  at  the  required  load  in  a  manner  generally  similar 
to  that  employed  in  power  boiler  work,  making  evaporative 
performance  the  main  item  sought. 

{h)  If  the  load  demand  is  very  variable,  test  under  condi- 
tions approximately  similar  to  operating  conditions.  In  such 
tests  questions  relating  to  attendance,  cleanliness  and  control 
will  generally  be  found  of  equal  or  greater  importance  than 
those  relating  to  efficiency  and  the  tests  should  be  so  con- 
ducted as  to  give  the  fullest  information  possible  along  these 
lines. 

(SS).  Make  the  tests  classified  under  (a)  of  paragraph  32  at 
least  16  hours  long  and  to  consist  of  at  least  three  firing  charges 
of  fuel. 

{SJf).  Make  the  tests  classified  under  (6)  paragraph  32,  24 
hours  long. 

{35).  Use  the  standard  method  for  starting  and  stopping  all 
tests,  that  is,  start  the  test  with  a  fresh  fire  and  close  it  by  draw- 
ing the  fire  and  allowing  for  the  residue  of  unconsumed  fuel  thus 
obtained. 

{36).  No  conclusions  are  offered  as  to  the  best  method  of  con- 
ducting tests  for  the  purpose  of  determining  the  proper  rating  to 
be  given  to  particular  apparatus.  Further  tests  to  be  reported 
upon  later  will,  it  is  hoped,  be  of  service  in  this  connection. 

3.      General  Discussion  of  the  Problem  delating  to  Tests  oj  Fuel  in 
House-heating  Boilers 

{l).  To  determine  the  relative  value  of  a  fuel  for  different 
purposes  or  of  different  fuels  for  a  given  purpose,  it  generally 
seems  advisable  to  make  the  tests  in  connection  with  the  appara- 
tus with  which  the  fuels  would  ordinarily  be  employed,  and  under 
conditions  at  least  approximately  similar  to  those  of  every  day 
practice.  Laboratory  methods,  such  as  chemical  analysis  and 
calorific  determination,  are  in  general  considered  as  only  a  part 
of  a  fuel  test  and  are  employed  along  with  other  data  in  inter- 
preting the  results.     We  tlius  have  fuel  tests  made  in  connection 
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with  boilers,  gas  producers,  coking  ovens,  furnaces,  and  other 
devices  in  order  that  the  results  and  deductions  may  be  applicable 
to  the  particular  problem  in  hand.  In  any  given  branch  of  fuel 
testing  this  process  of  applying  particular  conditions  may  be 
carried  still  further. 

(2).  Small  heating  units  as  compared  with  large  units. — The  fuel 
tests  here  considered  were  made  in  connection  with  house-heating 
boilers  of  comparatively  small  size.  On  account  of  the  small 
amount  of  available  information  relative  to  a  satisfactory  method 
for  conducting  house-heating  boiler  tests,  one  of  the  principal 
purposes  in  conducting  these  tests  was  to  obtain  information  that 
would  assist  in  developing  such  a  method.  Fuel  tests  with  house- 
heating  boilers  will  of  necessity  be  similar,  in  many  respects,  to 
the  tests  made  in  connection  with  power  boilers.  While  not  over- 
looking the  difference  which  must  exist,  due  to  the  unlike  condi- 
tions under  which  these  two  types  of  boilers  operate,  and  the 
purposes  for  which  each  type  is  operated,  it  was  deemed  advisable 
as  a  first  step  in  this  work  to  make  a  series  of  tests  upon  house- 
heating  boilers  as  nearly  as  possible  by  the  methods  which  have 
been  found  satisfactory  when  testing  with  power  boilers. 

In  work  with  the  large  units,  fuel  cost  is  generally  the  im- 
portant factor,  and  the  highest  evaporative  performance  that  can 
be  obtained  per  dollar  expended  for  fuel  is  the  condition  desired. 
Conditions  relating  to  attendance,  equipment,  cleanliness  and 
methods  of  operation  are  of  secondary  importance,  and  are  ca- 
pable of  considerable  variation  or  adjustment  (depending  upon 
the  size  and  importance  of  the  installation)  in  order  to  obtain  a 
high  rate  of  evaporation.  Conditions  surrounding  house-heating 
boilers  are,  however,  of  such  a  nature  that  they  can  not  be  readi- 
ly changed.  Higher  rates  of  evaporation  and  more  efficient  rates 
of  combustion  could,  doubtless,  often  be  obtained  by  having  a 
fireman  in  constant  attendance.  The  cost  of  such  attendance  is, 
however,  in  most  cases  prohibitive.  The  use  of  unusually  ex- 
pensive, complicated,  or  large  apparatus  is  from  the  nature  of 
the  service  undesirable.  Conditions  relating  to  equipment  and 
attendance  may  be  of  so  much  greater  relative  importance  than 
low  cost  of  evaporation  as  to  permit  of  relatively  inefficient  per- 
formance in  order  to  satisfy  those  considerations.  In  many  in- 
stances it  will  be  found  that  the  condition  which  requires  the  min- 
imum amount  of  attendance  is  the  condition  which  is  most  satis- 
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factory  and  the  advantage  of  simple,  easily  cared  for  equipment 
will  more  than  offset  the  consumption  of  some  extra  fuel.  It  may 
be  of  much  greater  importance  to  get  steam  up  quickly,  or  other- 
wise produce  the  desired  heating  effect  quickly,  and  to  be  able  to 
maintain  a  uniform  rate  of  heat  generation  through  a  considerable 
length  of  time,  than  it  is  to  furnish  that  heat  at  the  lowest  possi- 
ble fuel  cost.  Such  considerations  may  warrant  the  use  of  high- 
priced  fuels  or  the  sacrifice  of  evaporative  efficiency  for  the  sake 
of  ease  of  fire  control.  Regulation,  ease  with  which  good  fire 
conditions  are  maintained  with  respect  to  ash  and  clinker,  the 
tendency  of  flues  to  become  fouled,  dirt  in  the  form  of  dust, 
smoke,  soot,  or  ash,  whether  from  the  coal  pile,  the  fire-box,  or 
chimney,  are  all  important  considerations  aside  from  their  rela- 
tion to  evaporative  performance. 

{S).  Outline. — In  order  that  the  results  of  house-heating 
boiler  tests  may  be  of  the  greatest  use,  it  becomes  desirable  to 
report  more  or  less  fully  upon  quite  a  number  of  conditions.  The 
following  outline  presents  most  of  the  questions  which  will  arise 
in  making  fuel  tests  with  house-heating  boilers. 
EJficieiicy 

(a)  Evaporative  performance,  including  efficiencies 

of  the  boiler  and  furnace,   grate,  and  of  the 
plant. 

(b)  Fuel  cost  for  heat  delivered. 
Control 

(a)  Time  required  to  get  up  steam  pressure. 

(b)  Length  of  time  of  holding  uniform  pressure  and 

satisfactory  fire  conditions  without  attention. 
{(')     Uniformity  of  regulation. 
((/)     Total  attendance. 
(e)     Capacity. 
Cleanliness 

(a)  Dust  and  dirt  in  boiler  room. 

(b)  Ash  and  clinkers. 

(c)  Soot  and  ash  in  flue. 

(d)  Smoke. 

(e)  Smoke  and  gases  in  furnace  room. 

(7/).  Rclafive  importance  of  conditions. — It  is  obviously  impos- 
sible to  measure  exactly  just  what  is  the  relative  importance  of 
the  factors  as  above  grouped  under  control  and  cleanliness,  as 
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compared  with  boiler  efficiency  and  evaporative  performance,  but 
it  is  evident  that  they  are  of  much  greater  relative  importance 
when  considering  house-heating  boilers  than  when  considering 
power  boilers.  It  is  also  true  that  the  importance  of  certain  fac- 
tors will  vary  greatly  according  to  the  service  rendered.  In  heat- 
ing large  school  buildings  with  house-heating  boilers  the  condi- 
tions may  approximate  very  closely  conditions  in  power  work,  and 
evaporative  performance  will  be  the  item  of  greatest  importance, 
while  in  the  case  of  heating  a  small  residence,  cleanliness  and 
ease  of  control  may  readily  seem  to  be  of  first  importance. 

(o).  Capacity. — The  problem  or  problems  in  connection  with 
each  of  the  items  mentioned  are  probably  evident,  with  the  pos- 
sible exception  of  the  item  capacity  which  is  listed  under  the  head 
of  control.  In  the  case  of  a  house-heating  boiler,  the  question 
relative  to  capacity  which  is  of  importance,  is  how  many  square 
feet  of  radiation  can  be  served  by  the  boiler  through  comparatively 
long  periods  of  time  without  attention,  except  at  the  time  of  firing. 
It  is  generally  desired  to  know  how  many  square  feet  of  radiation 
can  be  served  through  a  period  of  from  six  to  eight  hours  without 
attention  during  that  time.  The  same  amount  of  fuel  consumed 
within  a  short  time  should  serve  more  radiating  surface  per  hour 
than  when  burned  during  a  longer  period  of  time.  The  one  hour 
period  as  employed  in  defining  a  horse-power,  and  as  used  in  rat- 
ing power  boilers,  is  not  satisfactory  for  comparative  purposes  in 
connection  with  house-heating  boiler  work.  In  this  kind  of  work, 
then,  in  order  that  information  relative  to  capacity  may  have  the 
greatest  usefulness,  it  should  be  based  upon  the  evaporation 
which  can  be  obtained  during  a  period  of  from  six  to  eight  hours 
without  attention,  rather  than  upon  the  evaporation  obtained  in 
one  hour  with  whatever  attendance  may  be  required.  Thus  a 
boiler  rated  at  1000  square  feet  should  be  capable  of  serving  that 
amount  of  radiation  without  attention  for  a  much  longer  time  than 
one  hour.  In  order  to  give  satisfaction  as  a  house-heating  boiler, 
it  should  probably  be  able  to  serve  that  radiation  for  a  period  of 
at  least  six  hours  without  attention  during  that  time. 

(6).  Purpose  of  tests. — In  carrying  on  the  tests  herein  reported 
it  soon  became  evident  that  it  would  be  difficult  to  conduct  tests 
so  that  suitable  data  concerning  all  of  the  above  mentioned  items 
could  be  obtained  from  any  one  test.  Tests  so  run  that  the  data 
would  be  of  the  greatest  comparative  value,  for  instance,  in  the 
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case  of  the  items  grouped  under  efficiency,  made  the  data  concern- 
ing some  of  the  items  appearing  under  control  and  cleanliness, 
of  little  value  in  their  relation  to  house-heating  conditions.  The 
lack  of  a  satisfactory  method  of  making  tests,  or  of  one  generally 
accepted  as  such,  was  apparent.  Under  these  circumstances  it 
was  deemed  advisable  to  make  a  series  of  tests  according  to  the 
A.  S.  M.  E.  code  for  conducting  boiler  trials.  Accordingly,  the 
tests  herein  reported  have  been,  in  the  main,  run  in  accordance 
with  the  recommendations  contained  in  that  code.  The  purpose 
of  the  tests  thus  becomes  twofold;  first,  to  obtain  the  information 
usually  obtained  from  boiler  trials  when  operating  upon  house- 
heating  boilers,  with  various  types  of  fuels;  second,  to  obtain 
information  that  might  assist  in  developing  satisfactory  methods 
for  conducting  house-heating  boiler  trials.  The  second  end,  it 
was  thought,  could  best  be  attained  by  at  first  making  use  of  the 
A.  S.  M.  E.  code.  The  adoption  of  this  code  as  a  guide  in  con- 
ducting the  tests  tends  to  lay  the  greatest  stress  upon  questions 
relating  to  evaporation  and  efficiency.  While  not  overlooking  the 
importance  of  questions  relating  to  capacity,  regulation,  attend- 
ance, and  cleanliness,  conditions  were  so  arranged  as  to  make 
evaporative  performance  the  main  item  sought,  and  the  best  basis 
of  comparison  for  this  particular  series  of  tests.  It  is,  however, 
intended  to  conduct  several  additional  series  of  tests  in  which 
more  attention  may  be  given  to  some  of  the  other  items  just 
mentioned. 

(7).  Variable  conditions. — Fuel  or  steaming  tests  in  connec- 
tion with  boilers  as  small  as  the  average  house-heating  boiler,  and 
especially  when  carried  on  under  the  average  conditions  under 
which  such  boilers  are  operated,  present  difficulties  which  are 
much  more  pronounced  than  when  conducting  similar  trials  upon 
larger  apparatus.  The  low  rate  of  combustion  under  ordinary 
circumstances,  and  the  low  capacity  at  which  the  average  house- 
heating  boiler  is  operated,  either  all  or  part  of  the  time,  tend  to 
make  the  results  of  different  tests  unsatisfactory  for  purposes  of 
comparison,  as  it  is  exceedingly  difficult  under  these  circumstances 
to  obtain  uniformity  of  conditions  between  different  tests.  Appar- 
ently slight  variations  in  fire  conditions  might  have  considerable 
influence  upon  results. 
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(8).  Amount  of  fuel  consumed. — The  determination,  with  suf- 
ficient exactness,  of  the  amount  of  fuel  consumed  presents  dif- 
ficulties in  the  case  of  small  apparatus  which  are  not  encountered 
to  the  same  extent  with  larger  apparatus.  The  quantities  of  coal 
barned  and  water  evaporated  for  tests  of  equal  length  may  easily  be 
ten  or  twenty  times  as  large  when  testing  with  a  power  boiler  as 
when  testing  with  a  house-heating  boiler,  and  errors  in  determining 
these  quantities  may  readily  be  a  much  greater  percentage  of  the 
total  in  the  case  of  the  small  boilers.  Errors  of  this  kind  are  in 
general  most  likely  to  occur  at  the  beginning  or  end  of  the  test, 
as  in  judging  the  amount  of  fuel  consumed,  or  determining  the 
weight  of  the  water  in  the  boiler.  Probably  the  most  noticeable 
error  of  this  kind  is  to  be  found  in  the  usual  or  so-called  alternate 
method  of  starting  and  stopping  boiler  trials.  The  alternate 
method  of  the  code  of  the  American  Society  of  Mechanical  Engi- 
neers for  conducting  boiler  trials  provides  for  beginning  and  end- 
ing the  test  when  the  fire  conditions  are  such  that  equal  amounts 
of  unconsumed  combustible  and  of  ash  are  upon  the  grate  for  the 
two  times  under  consideration .  That  this  condition  may  be  met 
requires  judgment  and  careful  operation.  In  the  average  power 
boiler  trial  the  fuel  burned  and  ash  removed  amount  to  many 
times  that  which  may  be  upon  the  grate  at  the  start  or  stop  of  the 
test,  and  a  mistake  in  judging  the  fire  conditions  at  those  times 
will  make  a  comparatively  small  error  in  subsequent  calculations. 
This,  however,  is  recognized  as  a  possible  source  of  error  of  con- 
siderable importance,  under  the  most  favorable  conditions,  when 
testing  power  boilers.  In  the  case  of  very  small  boilers,  especially 
in  those  having  a  comparatively  deep  fire  bed  such  as  is  often  used 
in  house-heating  boilers,  the  quantity  of  fuel  upon  the  grate  at 
the  beginning  and  end  of  a  test  would  be  a  very  considerable  pro- 
portion of  the  total  fuel  burned,  unless  the  test  was  of  consider- 
able length.  About  the  same  assumptions  with  regard  to  the  two 
types  of  boilers  would  show  that  the  error  expressed  in  per  cent 
of  fuel  consumed  might  readily  be  four  or  five  times  as  great  in 
the  case  of  the  house-heating  boilers  as  in  the  case  of  the  power 
boilers. 

(P).  Standard  method  for  starting  and  stopping  test. — This  dif- 
ficulty can  be  met  in  two  ways.  The  test  can  be  made  longer,  in 
which  case  the  error  becomes  correspondingly  smaller  as  ex- 
pressed in  per  cent,  or  a  method  of  starting  and  stopping  the 
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test  can  be  employed,  intended  to  eliminate  or  diminish  the  error. 
The  standard  method  of  the  code  of  the  American  Society  of 
Mechanical  Engineers  provides  for  the  raising  of  steam  pressure 
by  means  of  a  preliminary  fire,  withdrawing  that  fire  and  begin- 
ning the  test  with  a  new  fire  built  with  a  known  weight  of  fresh 
wood  and  coal.  At  the  end  of  the  test,  the  fire  remaining  is 
drawn  and  allowed  for  in  subsequent  calculations.  When  test- 
ing power  boilers  the  standard  method  occasions  some  additional 
work  and  trouble,  and  there  is  considerable  difference  of  opinion 
even  among  experts  as  to  which  method,  the  alternate  or  the 
standard,  is  the  better.  By  far  the  greater  number  of  boiler 
trials  are  probably  begun  by  the  alternate  method,  on  account  of 
that  being  the  more  convenient,  and  because  of  this  lack  of  definite- 
ness  as  to  which  method  is  the  better.  In  the  case  of  the  house- 
heating  boiler  the  comparatively  large  amount  of  fuel  upon  the 
grate;  the  lack  of  uniformity  of  fire  conditions  at  different  times 
during  the  test;  the  difficulty  of  duplicating  fire  conditions  as  de- 
sired; and  the  difficulty  of  accurately  estimating  the  amount  of  un- 
consumed  fuel  and  ash  in  the  fire-box,  make  the  alternate  method  of 
starting  and  stopping  unsatisfactory,  and  necessitate  some  plan 
more  in  accordance  with  the  standard  method,  in  order  that  the 
fuel  consumed  may  be  determined  with  sufficient  accuracy. 

{lO).  Tests  by  societies  and  individuals. — Societies  and  indi- 
viduals interested  in  this  kind  of  work  have  from  time  to  time 
reported  tests,  or  discussed  methods  for  making  such  tests,  but 
apparently  without  making  definite  recommendations  that  have 
been  found  satisfactory  for  the  guidance  of  others,  or  that  have 
been  adopted  generally  enough  to  make  comparisons  possible  or 
of  value.  The  number  of  tests  of  this  kind  which  have  been  re- 
ported is  surprisingly  small  as  compared  with  the  number  of 
tests  conducted  upon  power  boilers.  Probably  the  greatest  amount 
of  work  in  this  line  has  been  done  by  the  manufacturers  of  heat- 
ing apparatus.  The  results  of  their  investigations  are,  however, 
either  not  available  or  are  applicable  to  particular  makes  of  ap- 
paratus only,  rather  than  to  the  problem  as  a  whole. 

4.     Fuel 

Table  1  presents  in  tabulated  form  the  different  kinds  or 
types  of  fuels  tested,  the  section  of  the  country  from  which  they 
were  received,  and  their  size. 
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TABLE  1 

Description  op  Fuels  Tested 


Kind  or  Type  of  Fuel 

Commercial 
Name 

Size 
inches 

Source  of  Fuel 

Anthracite 

Egrg  

2%  to  2 
* 

3^2  to  U 

iMtoM 
IM  to  1 

* 

* 

Wyoming  District,  Pa 

Pocahontas. 

Coke— Gas-house    bj^-pro- 
duct 

Lump    

Crushed 

Crushed,  Nut  size. 

Nut      

Screened  lump.... 
Screened  lump.... 

Mercer  County.  W.  Va 

Mnfd.  by  U.  &  C.  Gas  Co..  from 
Youghiogheny  coal         

Coke— Solvay  process.... 

Illinois 

Illinois 

Obtained  from  Chicago  market 

Williamson  County 

Macon  County 

Illinois 

Vermilion  County 

*  All  large  lumps  were  broken  to  pieces  6  inches  or  less  in  diameter. 

The  fuels  here  listed  are  fairly  representative  of  those  used 
in  house-heating  work  in  the  state  of  Illinois,  namely:  anthracite 
coal,  eastern  bituminous  coal,  coke  and  Illinois  coal.  The  Illinois 
coals  are  typical  of  those  most  commonly  used  in  this  section  of 
the  State,  coming  from  the  southern,  eastern,  and  central  por- 
tions of  the  State.  These  fuels  were  purchased  in  the  local 
market,  either  Champaign  or  Urbana,  in  lots  of  three  tons  or  less, 
with  the  exception  of  the  Solvay  coke,  which  was  obtained  from  the 
Chicago  market.  The  anthracite  and  the  Illinois  coal  from  Macon 
County  were,  judging  from  the  appearance,  rather  below  the  aver- 
age quality  of  coal  of  these  kinds  as  they  appear  in  this  market. 
Chemical  analyses,  given  in  Table  12,  page  74,  Appendix  A,  give 
more  exact  information  as  to  the  exact  composition  of  all  of  the 
fuels  used.  Taken  as  a  whole,  however,  judging  from  general 
appearances,  these  fuels  were  fair  samples  of  what  the  average 
householder  might  expect  to  obtain. 

5.     Methods  of  Conducting  Tests 

(i).  Starting  and  stopping  the  test  and  handling  the  fire. — The 
methods  recommended  by  the  A.  S.  M.  E.  code  for  conducting 
boiler  trials  were  in  general  followed  in  conducting  these  tests. 
The  tests  varied  in  length  from  7.97  hours  to  26.53  hours.  With 
each  fuel,  tests  approximately  8,  16,  and  24  hours  long  were  made 
upon  each  of  the  two  boilers.  The  standard  method  of  starting  and 
stopping  the  trials  as  prescribed  by  the  A,  S.  M.  E.  code  was 
used.  Steam  pressure  was  raised  by  means  of  a  preliminary  fire, 
and  the  boiler  run  at  a  pressure  of  at  least  five  pounds  for  a  short 
time  to  insure  fairly  uniform  conditions  in  and  around  the  boiler. 
The  preliminary  heating  usually  required  about  one  hour.  At 
the  start  of  the  tests  the  preliminary  fire  was  rapidly  removed 
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and  a  fresh  fire  started  with  a  weighed  amount  of  wood  and  the 
first  charge  of  coal.  The  test  was  started  when  the  wood  was 
ignited,  at  which  time  observations  of  time,  water-levels,  and 
pressures  were  taken.  The  kindling  and  entire  amount  of  first 
charge  of  coal  were  ordinarily  fired  before  the  fire  was  lighted. 
The  only  exceptions  to  this  w^ere  in  cases  where  the  kindling  was 
ignited  by  the  hot  grates  before  all  of  the  coal  was  fired.  This,  how- 
ever, only  delayed  the  firing  of  the  entire  charge  of  coal  a  few  min- 
utes after  the  start  of  the  test.  In  all  tests  made  with  Boiler  Di,  75 
lb.  of  fuel  were  fired  at  a  time,  and  in  all  tests  made  with  Boiler  D2, 
105  lb.  of  fuel  were  fired  at  a  time.  These  amounts,  as  compared 
with  each  other,  are  closely  proportional  to  the  grate  surfaces  of 
the  two  boilers.  On  account  of  all  fuel  charges  being  the  same  in 
amount,  and  also  on  account  of  the  fact  that  a  test  was  not  ended 
until  the  fuel  was  so  completely  burned  that  pressure  could  no 
longer  be  maintained,  many  of  the  tests  varied  considerably  from 
the  8,  16,  or  24-hour  period  under  which  they  are  classed.  A 
pressure  of  approximately  five  pounds  was  carried  on  the  boiler. 
After  a  charge  of  fuel  had  been  fired,  the  fire  was  not  again 
touched  until  the  next  firing,  if  the  automatic  regulation  was  suf- 
ficient to  keep  up  steam  pressure  without  other  attention.  In 
case  it  became  necessary  in  order  to  maintain  pressure,  there  be- 
ing plenty  of  unconsumed  fuel  in  the  furnace,  the  fire  was  poked 
or  otherwise  worked  as  seemed  desirable. 

{2).  Metliod  of  firing. — P^or  the  tests  with  anthracite,  coke 
and  Pocahontas  coal  the  fuel  was  fired  by  the  spreading  method, 
that  is,  the  fresh  fuel  was  spread  about  evenly  over  the  entire 
grate  surface.  For  the  Illinois  coals,  on  account  of  the  liabihty 
of  explosions  due  to  gas  collecting  in  the  combustion  chamber 
and  fiues,  it  was  deemed  advisable  to  fire  by  a  method  approach- 
ing the  coking  method.  With  the  boiler  Di  the  fresh  fuel  was 
fired  more  heavily  at  one  side  of  the  furnace  than  at  the  other, 
allowing  the  fire  to  burn  up  brightly  much  more  (luickly  upon  the 
side  thinly  fired  than  would  otherwise  have  been  the  case.  With 
boiler  D2  the  burning  fuel  which  remained  in  the  furnace  just  be- 
fore firing,  was  in  part  pushed  or  raked  toward  the  rear  of  the 
grate,  and  the  greater  part  of  the  fresh  charge  fired  in  front. 
This  allowed  the  fire  upon  the  back  part  of  the  grate  to  burn 
brightly  almost  from  the  time  of  firing. 
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(3).  Attention. — The  effort  was  made  throughout  to  reduce  to 
a  minimum  the  amount  of  attention  given  the  fire  between  times 
of  firing.  The  attention  which  the  fire  did  receive,  however, 
which  might  be  considered  as  additional  to  what  would  be  expect- 
ed in  ordinary  house-heating  work,  was  given  in  accordance  with 
the  desire  to  have  the  tests  fairly  comparable  upon  an  evapora- 
tive performance  basis,  rather  than  to  obtain  data  relative  to 
attendance  conditions. 

(jf).  Ash  and  residual  fuel. — The  fire  was  drawn  at  the  end  of 
the  test,  when  the  boiler  pressure  dropped  below  four  or  five 
pounds  on  the  last  firing,  and  did  not  again  rise  upon  the  opening 
of  the  damper  and  the  closing  of  the  check.  Just  as  the  grate 
was  dumped,  final  observations  concerning  time,  water,  temper- 
atures and  pressures  were  taken.  The  material  drawn  out  at  the 
close  of  the  teso  was  immediately  put  into  a  galvanized  can  with 
a  close  fitting  cover  to  prevent  further  combustion.  Analysis  of 
this  partly  consumed  or  residual  fuel  furnished  suitable  corrections 
in  the  determination  of  the  amount  of  fuel  actually  burned.  The 
ash  was  kept  separate  from  the  residual  fuel,  being  taken  from 
the  furnace  and  ash-pit  before  the  fire  was  drawn. 

(.5).  Sampling  of  fuel,  ash  and  residual  fuel. — The  fuel  was  sam- 
pled in  the  usual  manner  by  taking  a  small  portion  from  each  fir- 
ing. The  sample  so  collected  varied  from  about  5  per  cent  to  10 
per  cent  of  the  total  fuel  fired.  It  was  collected  in  a  can  with  a 
closely  fitting  cover,  and,  within  a  few  hours  after  the  close  of 
the  test,  was  thoroughly  mixed,  crushed  to  i  in.  size  or  smaller, 
and  quartered  until  a  1000  gram  sample  was  obtained.  This  1000 
gram  sample,  placed  in  a  suitable  pan,  was  air-dried  and  then 
transferred  to  the  Chemical  Laboratory  in  glass  jars  for  the  pur- 
pose of  chemical  analysis. 

The  ash  and  residual  fuel  were  each  run  through  a  laboratory 
crusher  reducing  them  to  pieces  i  in.  or  smaller.  They  were 
then  quartered,  accompanied  with  thorough  mixing,  until  samples 
were  obtained  of  each,  which  would  about  fill  a  one  quart  glass 
jar. 

(6).  Chemical  analyses. — All  chemical  analyses  were  made  at 
the  chemical  laboratories  of  the  University  of  Illinois.  Proximate 
analyses  and  calorific  determinations  of  the  fuel  were  made  for 
each  test  or  for  each  group  of  two  tests,  where  the  two  boilers  v/ere 
operated  simultaneously  upon  the  same  fuel.    The  ash  and  residual 
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for  each  test  were  analyzed  for  carbon  and  earthy  matter.  Ulti- 
mate analyses  were  made  from  composite  samples  for  each  fuel 
tested.  The  composite  samples  were  made  by  combining  from  each 
of  the  air-dried  samples  an  amount  proportional  to  the  fuel  burned 
as  represented  by  each  sample.  Calorific  determinations  were 
made  in  a  Mahler- Atwater  oxygen  calorimeter.  In  Table  12, 
page  70,  will  be  found  analyses  of  the  ash  and  residual  fuel  as  to 
carbon  and  earthy  matter,  and  the  proximate  analyses  of  the 
fuel  for  each  test. 

In  Table  2  are  given  the  proximate  and  ultimate  analyses  of 
the  fuels  as  made  from  the  composite  samples. 

TABLE  2 

Analyses  of  Composite  Samples 

Per  Cent 


Proximate  Analysis 
Fuel  as  Fired 

Ultimate  Analysis 
Dry  Fuel 

Kind  of  Fuel 

ll 

■£■3 

o 
> 

T. 

o 

<5 

1 
6 

c 

s 

•a 

c 
C 

Nitrogen 
Sulphur 

S3 

< 

Anthracite 

Pocahontas  

77.68 
73.43 
81.74 
85.76 
4b.  42 
40.56 

7.07 
19.50 
2.74 
2.45 
36.28 
37.67 

3.47 
1.90 
5.73 
1.51 
6.66 
10.01 
11.14 

11.78 
5.17 
9.79 

10.28 
8.64 

11.76 
8.94 

81.33 
84.20 
86.05 
86.84 
71  62 
66.98 
73.22 

2.12 
4.79 
0.83 
0.58 
5.19 
4.63 
4.43 

1.82 
3.61 
0.41 
0.28 
10  29 
10.34 

0.91 
1.14 
0.91 
1.21 
1  53 
1.42 

1.61 
1.00 
1.41 
0.65 
2.11 
3.56 
2.48 

12.21 
5.26 
10.39 

Soivay  coke  

Illinois,  William.son  county 

Illinois  Macon  county 

10  44 
9.26 
13.07 

Illinois.  Vermilion  county 

40.35 

39. 57 

8.29 

1.52 

10.06 

TABLE  3 

AvKiiAGE  Proximate  Analyses  of  Fuel  as  Fired 

Per  Cent 


^ 

ll 

V 

«    . 

11 

Si 

u 

3 

3X3 

Kind  of  Fuel 

6 
1 

3 

Si 
< 

ja 
1 

a  — 
.=  3 

5- 

^ 

^ 

°l 

da 

78.55 
73.33 

5.77 
19.49 

H4.32 
92.82 

3.93 
2.01 

11.75 
5.17 

1.17 
0.98 

12tV^2 

Pocahontas 

147:.3 

<  !•! «  Hnii  >»p  cnkp                         

80.68 
85.80 

3.34 

2.14 

84.02 
87.^ 

5  92 
1.60 

10.06 
10  46 

1.15 
0.65 

12063 

Solvav  coke 

rri05 

48.07 
40.84 
40.36 

36.27 
37.56 
39.53 

84.34 
78.40 
79.89 

6.55 
10.24 
11.18 

7.27 
11. .36 
8.93 

2.09 
3.19 
2.21 

12275 

11005 

Illinois  Vermilion  county 

11546 
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Table  3  gives  values  for  the  proximate  analyses  of  the  dif- 
ferent fuels  obtained  by  averaging  the  values  for  all  tests  with 
each  fuel.  The  averages  included  in  this  table  are  computed  by 
giving  weights  to  the  values  for  each  test  proportional  to  the 
weight  of  fuel  fired.  A  comparison  of  the  average  values  for 
each  fuel,  as  contained  in  this  table,  with  the  corresponding 
values  of  the  proximate  analyses  made  upon  the  composite 
samples  exhibits  some  differences  which  are,  however,  for  the 
most  part,  small.  The  average  calorific  value,  determined  for 
each  fuel  in  the  same  manner  as  the  other  averages  has  been  in- 
cluded in  Table  3. 

(7).  Feed  ivater. — The  feed  water  delivered  to  each  boiler 
through  the  measuring  tanks  was  condensation  from  heating 
coils,  and  the  effort  was  made  to  feed  the  water  at  as  nearly  con- 
stant a  rate  as  possible,  and  at  a  temperature  which  might  corre- 
spond fairly  well  with  that  of  the  returns  in  house-heating  work. 
The  feed  water  temperature  averaged  about  175°  F. 

(8).  Loading. — For  all  tests  a  load  equivalent  to  about  65  per 
cent  of  the  boiler  rating  was  maintained  by  means  of  a  suitably 
sized  orifice  in  the  outlet.  The  evaporation  of  0. 3  lb.  of  water  from 
and  at  212°  F.  was  assumed  as  equivalent  to  serving  one  sq.  ft.  of 
radiation  for  one  hour.  A  pressure  of  5  lb.  controlled  by  the 
automatic  regulators,  which  are  a  part  of  the  boilers,  was  main- 
tained at  the  boiler.  The  pressure  after  leaving  the  boiler  was 
reduced  to  slightly  over  2  lb.  in  the  receiver,  so  that  a  difference 
of  2  lb.  pressure  was  maintained  between  the  two  sides  of  the 
orifice.  Recording  gages  were  used  in  order  that  the  variations 
in  boiler  pressure  might  be  readily  observed  during  the  course 
of  the  test. 

(.9).  Temperatures. — A  recording  pyrometer  was  used  in  con- 
nection with  most  of  the  tests  made  upon  Boiler  Di,  for  the  pur- 
pose of  taking  flue  gas  temperature.  For  the  remainder  of  the 
tests  upon  boiler  Di,  and  for  all  tests  upon  Da,  mercury  flue 
gas  thermometers  reading  to  1000°  F.  were  employed.  A  record- 
ing thermometer  for   outdoor  temperatures   was  also  employed. 

{lO).  Smoke  and  flue  gas  analyses. — Smoke  records  were  taken 
for  each  test,  generally  for  a  period  extending  from  the  time  of 
one  firing  to  the  time  of  the  next  firing.  The  flue  gas  samples 
were,  as  a  rule,  taken  as  continuous  samples,  each  over  an  inter- 
val of  time  of  one  hour.     At  times  continuous  samples  were  taken 
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extending  over  the  entire  time  between  two  firings.  These  sam- 
ples were  analyzed  in  an  Orsat  apparatus  of  the  common  type. 

{11).  Gleaning  -flues. — The  boiler  flues  were  cleaned  previous 
to  each  test  in  order  that  conditions  in  this  respect  might  be  ap- 
proximately equal.  On  account  of  the  preliminary  fire,  there  was 
doubtless  always  some  soot  on  the  flues  at  the  start  of  the  test 
proper,  as  it  was  not  considered  advisable  to  open  up  the  boiler 
for  cleaning  just  before  starting  the  new  fire.  Also  the  flues, 
doubtless,  became  coated  with  soot  more  rapidly  with  some  fuels 
than  with  others.  There  would  also.,  as  a  general  rule,  be  a 
greater  accumulation  of  soot  and  ashes  in  the  flues  for  a  sixteen 
or  twenty-four  hour  test  than  for  an  eight  hour  test. 

{12).  Miscellaneous  observations. — The  following  observations 
were  taken  every  twenty  minutes:  height  of  water  in  the  boiler, 
height  of  water  in  the  feed  tank,  height  of  water  in  gage  glass  of 
separator,  temperature  of  feed  water,  boiler  room  temperature, 
steam  pressure  in  boiler,  difference  of  pressure  on  the  two  sides  of 
the  orifice  plate,  and  drafts  in  ash-pit,  over  the  fire  and  in  the  flue. 

6.  Test  Data 

The  test  data  were,  in  general,  recorded  in  accordance  with 
the  requirements  of  the  A.  S.  M.  E.  code  and  were  entered  upon 
blank  forms  suitably  arranged  for  the  class  of  work  in  hand. 

On  pages  84,  85,  86,  and  87,  of  Appendix  A  will  be  found, 
Pig.  18-21,  graphical  logs  of  four  tests  which  have  been  selected 
as  representative.  They  are,  respectively,  records  of  tests  made 
with  anthracite,  Pocahontas  coal,  coke  and  Illinois  coal. 

7.  Tabulated  Data  and  Results 

In  Appendix  A,  Table  12,  will  be  found  the  principal  data 
and  results  of  the  48  tests  under  consideration;  explanatory  mat- 
ter concerning  the  results  accompanies  the  table.  This  material 
will  be  found  upon  pages  66  to  83,  inclusive,  of  Appendix  A. 

In  Tables  13  and  14,  pages  88  and  89  of  Appendix  A,  will  be 
found  data  relative  to  flue  gas  analyses.  It  will  be  noted  that  the 
per  cent  of  CO2  is  in  general  quite  high.  In  all  flue  gas  analyses 
the  per  cent  of  CO  was  also  determined  in  the  manner  usual  with 
the  Orsat  apparatus.  Owing  to  the  uncertainty  as  to  the  value 
of  such  determination  these  data  are  not  here  presented.  In  gen- 
eral no  trace  of  CO  was  found    or   only    a   fi-action  of  1  per  cent. 
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In  one  case,  however,  where  the  sample  was  taken  immediately 
after  firing,  4.3  per  cent  CO  was  found. 

8.  Method  of  Calculating  Results  The  results  tabulated  in 
Table  12,  Appendix  A,  are  in  general  calculated  by  methods 
which  are  the  same  as  those  employed  in  calculating  boiler  trials 
made  under  the  A.  S.  M.  E.  code. 

Throughout  all  calculations  involving  capacity  the  evapora- 
tion of  0.3  pounds  of  water  from  and  at  212°  F.  has  been  used  as 
equivalent  to  serving  one  square  foot  of  radiation  for  one  hour. 

In  the  calculation  of  item  23.2  tabulated  on  page  72,  which  is 
the  total  dry  fuel  fired  minus  the  dry  fuel  equivalent  of  the  ash 
and  of  the  residual  fuel,  it  was  assumed  that  the  ash  and  the  re- 
sidual fuel  consisted  of  earthy  matter  and  carbon  only.  The  car- 
bon found  in  the  ash  and  the  residual  fuel  by  analysis  was  as- 
sumed to  have  a  heating  value  of  14600  B.  t.  u.  per  lb.  and  was 
converted  to  dry  fuel  by  dividing  the  total  number  of  B.  t.  u.  so 
found  by  the  B.  t.  u.  value  of  one  pound  of  dry  fuel  under  consid- 
eration. 

9.  Discussion  of  Results 

A.     Efficiency  and  Evaporative  Performance 

(l).  Efficiency  and  fixed  carbon  content. — An  examination 
of  item  62  as  given  in  Table  12,  page  82,  shows  that  the  plant  effi- 
ciencies varied  from  44.76  per  cent  to  66.21  per  cent.  In  Fig.  1 
these  efficiencies  have  been  plotted  for  each  test  to  a  base,  ex- 
pressed in  per  cent,  of  the  fixed  carbon  content  of  the  coal.  These 
points  fall  into  two  groups  due  to  the  low  fixed  carbon  content  of 
the  Illinois  coals  as  compared  with  the  other  fuels.  The  tendency  of 
low  efficiency  to  go  with  low  fixed  carbon  content  is,  however, 
marked,  and  emphasizes  the  fact  that  in  this  respect  the  fuels  high 
in  fixed  carbon  content  are  much  better  adapted  to  present  methods 
of  house- heating.  The  Illinois  coals  may  be  considered  as  the 
natural  fuel  supply  for  this  state  and  section  and  the  problem  be- 
comes one  of  adapting  methods  and  equipment  to  the  burning  of 
these  coals  at  efficiencies  at  least  approximating  those  of  fuels 
like  anthracite  and  coke. 

{2).  Efficiency  ivith  Pocahontas  coal. — The  lowest  plant  effi- 
ciences  recorded  are  for  tests  made  with  Pocahontas  coal.  The 
average  plant  efficiency  with  Boiler  Di  for  this  fuel  was  44.97  per 
cent  and  with  Boiler  D2  55.43  per  cent.     A  partial  explanation  of 
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these  low  plant  efficiencies  for  the  Pocahontas  coal  is  to  be  found 
in  the  fact  that  a  comparatively  large  amount  of  unconsumed  fuel 
passed  through  the  grate  with  the  ash.  The  per  cent  of  carbon 
in  tlie  ash  for  Pocahontas  tests  varied  from  50  to  70  per  cent, 
being  much  higher  than  with  any  other  fuel  tested.  The  Poca- 
hontas coal  used  contained  a  large  amount  of  very  tine  coal  which 
is  the  usual  condition  of  this  fuel  in  this  market. 

The  efficiency  of  the  boiler  and  furnace  alone,  excluding  the 
effect  of  coal  dropping  through  the  grate,  is,  however,  also  low 
in  the  case  of  the  Pocahontas  coal.  These  efficiencies  will  be 
found  under  item  61,  Table  12,  page  82  and  average  values  of 
the  same  in  Table  6,  page  36.      The  use  of  Pocahontas  coal  for 
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house-heating  purposes  is  quite  common  in  this  section  and  when 
used  is  generally  highly  thought  of  for  such  work,  having  merits 
that  may  warrant  its  use  in  spite  of  low  evaporative  efficiency. 
Of  the  several  fuels  tested  it  has  the  highest  heat  content  as  ex- 
pressed in  B.  t.  u.  contained.  The  small  number  of  tests  here  re- 
ported precludes  the  possibility  of  drawing  definite  conclusions  in 
regard  to  the  efficiency  that  may  be  obtained  with  this  fuel  under 
the  various  conditions  under  which  it  may  be  consumed,  while  the 
wide  variation  in  the  efficiencies  obtained,  especially  as  between 
the  two  boilers,  indicates  the  possibility  of  adapting  fire  condi- 
tions and  equipment  to  the  requirements  of  the  fuel  in  order  to 
obtain  higher  efficiencies. 

(S).  Efficiencies  of  the  two  types  of  boilers. — There  has  been  no 
attempt  in  this  article  to  compare  or  discuss  the  merits  of  the 
boilers  used  in  making  the  tests,  the  tests  having  been  conducted 
with  the  idea  of  comparing  the  fuels  rather  than  the  apparatus. 
In  the  case  of  Pocahontas  coal,  as  mentioned  above,  it  was  found 
that  one  boiler  was  operating  much  more  efficiently  (measured  by 
evaporation)  than  the  other.  When  testing  the  two  kinds  of  coke 
it  was  found  that  in  the  case  of  the  Solvay  coke  the  efficiencies 
for  the  two  boilers  were  not  greatly  different,  while  when  testing 
with  the  gas-house  coke  they  differed  greatly.  It  will  be  noted 
that  in  the  tests  reported  there  are  six  tests  with  each  fuel 
except  in  the  case  of  the  gas-house  coke,  with  which  fuel  twelve 
tests  were  made.  The  series  of  tests  upon  the  gas-house  coke 
was  duplicated  as  a  check  in  regard  to  this  difference  in  per- 
formance. The  coke  was  chosen  as  being  a  fuel  with  which  con- 
stant fire  conditions  could  be  readily  maintained  and  with  which 
any  discrepancy  would  be  most  easily  detected,  although  the  dif- 
ference in  efficiency  as  between  the  two  boilers  was  the  most  marked 
in  the  case  of  Pocahontas  coal.  The  second  set  of  tests  with 
the  gas-house  coke  did  not  show  material  differences  in  regard  to 
efficiencies  from  those  shown  by  the  earlier  tests.  The  principal 
difference  between  the  two  cokes,  aside  from  a  slightly  higher 
volatile  content  in  the  gas-house  coke  was  the  smaller  and  much 
more  uniform  size  to  which  the  Solvay  coke  was  crushed.  Fire 
conditions  were  much  more  uniform  when  burning  the  Solvay 
coke  and  it  seems  probable  that  efficiencies  were  much  more  af- 
fected by  varying  chemical  or  physical  characteristics  of  the  fuel 
in  the  case  of  the  boiler  with  the  comparatively  small  amount  of 
heating  surface. 
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{jf).  Variations  in  efficiency. — Efficiencies  as  determined  by  fuel 
tests  with  house-heating  boilers  apparently  vary  greatly  with 
varying  conditions  of  fuel  and  fire  and  should  be  compared 
only  with  the  greatest  care.  Omitting  considerations  which 
relate  to  the  boiler  and  furnace  employed,  the  composition 
of  the  fuel  is  probably  the  most  important  factor  to 
be  considered.  A  coal  high  in  fixed  carbon  so  that  combustion 
may  be  completed  on  or  near  the  grate  will  give  high 
efficiencies,  a  coal  high  in  volatile  matter  which,  when  burning, 
gives  off  large  volumes  of  rich  gases  that  may  or  may  not  be 
burned,  will  give  low  efficiencies.  The  high  volatile  fuels  are,  as 
a  rule,  of  approximately  the  same  calorific  capacity  as  the  high 
carbon  fuels,  while  if  based  upon  the  cost  per  B.  t.  u.  they  are 
much  cheaper.  The  problem  in  this  particular  respect  (not  con- 
sidering cleanliness,  control,  etc.)  then  becomes  one  of  determin- 
ing the  conditions  which  will  permit  of  burning  the  high  volatile 
coals  at  efficiencies  at  least  approximately  equal  to  those  of  the 
high  carbon  coals,  or  stated  somewhat  differently,  the  conditions 
which  will  permit  of  burning  Illinois  coal,  the  cheap  and  nat- 
ural supply,  instead  of  the  fuels  which  must  be  transported  long 
distances  and  sold  at  correspondingly  high  prices.  For  the  tests 
here  considered  it  is  believed  that  decided  differences  in  efficiency 
were  caused  by  various  fire  conditions  due  to  the  size  of  fuel 
burned  and  to  the  per  cent  of  tine  material  contained  therein,  to  the 
degree  with  which  the  fire  bed  coked,  burned  evenly  over  the  grate 
or  burned  holes  through  and  around  itself,  also  to  the  extent  to 
which  the  gases  first  distilled  from  a  fresh  charge  of  fuel  were 
burned  or  passed  away  unconsumed.  While  efforts  were  made 
throughout  the  tests  to  keep  fire  conditions  uniform,  it  not  being 
the  purpose  of  the  tests  to  study  efficiency  under  varying  condi- 
tions, such  variations  as  did  occur  point  to  the  possibility  of  im- 
proving efficiency  by  proper  attention  to  details  relating  to  fuel, 
operation  and  equipment. 

{o).  Efficiencies  as  compared  ivith  those  of  power  boilers. — 
Under  conditions  comparable  to  the  tests  made  efficiencies  ranging 
from  40  per  cent  to  70  per  cent  may  be  expected.  These  efficien- 
cies are  somewhat,  though  not  greatly,  lower  than  correspond- 
ing figures  upon  power  boilers. 

(6').  Illinois  coal. — The  efficiencies  obtained  indicate  the  de- 
sirability of  improvement  in  order  that  Illinois  coal  may  be  placed 
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more  nearly  on  an  equal  footing  with  other  fuels  in  this  respect 
when  employed  for  house-heating  purposes. 

(7).  Evaporative  performance, — The  equivalent  water  evapo- 
rated from  and  at  212°  P.  per  sq.  ft.  of  heating  surface  varied  in 
the  case  of  boiler  Di  from  3.36  lb.  to  3.91  lb.  and  in  the  case  of 
boiler  D2  from  2.48  lb.  to  2.89  lb.  If  these  small  boilers  were  rat- 
ed upon  10  sq.  ft.  of  heating  surface  to  1  b.  h.  p.,  which  is  equiva- 
lent to  an  evaporation  of  3.45  lb.  per  sq.  ft.,  when  operating  at 
100  per  cent  capacity,  then  boiler  Di  under  the  test  conditions  was 
evaporating  water  at  quite  as  high  a  rate  as  is  usual  in  power 
boiler  work,  while  boiler  D2,  owing  to  its  greater  heating  surface, 
was  evaporating  water  at  a  somewhat  lower  rate,  but  still  at  one 
which  is  by  no  means  uncommon  in  ordinary  power  boiler  work. 
When  it  is  remembered  that  these  boilers  were  operating  at  ap- 
proximately 65  per  cent  of  their  rated  capacity  it  will  be  seen  that 
high  rates  of  evaporation  would  be  required  if  they  were  operated 
at  100  per  cent  rated  capacity,  or  if  forced  to  an  overload.  The 
variable  demand  upon  the  house-heating  boiler  will  at  times 
necessitate  very  high  or  very  low  rates  of  evaporation  per  square 
foot  of  heating  surface,  and  the  nature  of  the  service  may  readily 
warrant  somewhat  inefficient  performance  under  these  conditions 
in  order  that  the  equipment  be  comparatively  small,  simple  in 
construction  and  easily  operated.  It  would  appear,  however,  that 
a  rate  of  evaporation  much  higher  than  has  been  found  economi- 
cal or  advisable  in  power  boiler  work  should  also  be  avoided  in 
house-heating  boiler  work  if  that  be  possible,  and  the  effort  should 
be  made  to  so  adapt  the  fuel  and  equipment  that  a  rate  of  evapo- 
ration would  be  obtained  which  under  average  operating  con- 
ditions would  be  most  apt  to  be  accompanied  by  high  efficiency. 

(8).  Average  operating  conditions. — The  conditions  under 
which  house-heating  boilers  operate  are  so  varied  that  it  is  impos- 
sible to  state  any  given  per  cent  of  their  rated  capacity  as  even 
approximately  that  of  average  operating  conditions.  A  boiler 
used  for  heating  an  office  building,  school  house,  or  in  work  of  a 
similar  character  might  be  operated  at  a  relatively  high  average 
capacity  as  high  or  higher  than  65  per  cent  as  obtained  in  the 
tests  under  consideration,  while  in  residence  work  on  a  small 
scale  a  boiler  may  only  be  required  to  operate  at  a  high  capacity 
for  a  few  hours  each  day  and  the  average  load  may  not  be  more 
than  20  per  cent  of  the  rated  capacity. 
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(9).  Efficiency  and  capacity. — The  arrangement  and  amount 
of  heating  surface  advisable  for  low  capacities  may  be  unsuited 
for  high  capacities  and  deductions  in  regard  to  any  particular 
feature  of  house-heating  boiler  performance  must  be  made  with 
regard  for  such  conditions.  The  tests  here  considered  have  all 
been  run  at  practically  one  capacity  (65  per  cent  of  the  rated  capa- 
city) and  give  little  information  in  regard  to  efficiency  as  affected 
by  varying  capacity.  The  uniformly  lower  efficiency  of  boiler 
Di  as  compared  with  boiler  D2  with  the  corresponding  high  evap- 
oration per  square  foot  of  heating  surface  would  indicate  that 
high  rates  of  evaporation  per  square  foot  of  heating  surface  due 
to  reduced  heating  surface  tend  toward  low  efficiency  at  least  in 
the  neighborhood  of  the  capacities  at  which  the  tests  were  run. 
A  series  of  tests  is  now  under  way  operating  these  boilers  at 
capacities  varying  from  about  10  per  cent  to  100  per  cent  of  their 
rated  capacity  in  order  to  throw  further  light  upon  the  relation 
of  efficiency  to  capacity.  The  rated  capacities  of  Di  and  D2,  800 
and  1075  square  feet  of  radiation,  respectively,  are  closely  propor- 
tional to  the  fuel  capacity  of  the  fire-boxes,  while  the  ratio  of  capa- 
city (expressed  in  square  feet  of  radiation)  to  the  total  heating 
surface  is  much  higher  in  the  case  of  boiler  Di  than  of  D2,  that  is, 
when  operating  at  full  capacity  one  square  foot  of  heating  sur- 
face in  boiler  Di  must  serve  18.2  square  feet  of  radiating  surface 
while  for  boiler  D2  one  square  foot  of  heating  surface  serves  only 
14.2  square  feet  of  radiation.  The  ratio  of  direct  to  total  heating 
surface  is  higher  in  the  case  of  Di  than  of  D2. 

B.     Length  of  Tests  and  Metliod  of  Coinhicting 

In  order  to  determine  what  length  of  test  was  best  in  order 
to  secure  data  of  a  satisfactory  character,  tests  of  eight,  sixteen, 
and  twenty-four  hours  were  run  with  each  fuel  upon  each  boiler. 
The  principal  item  affected  by  the  length  of  the  test  is  the 
amount  of  fuel  consumed,  which  in  turn  affects  many  of  the  other 
important  calculated  items.  The  difficulties  attending  the  deter- 
mination of  the  amount  of  fuel  consumed  have  been  discussed  and 
the  manner  in  which  the  longer  test  tends  to  eliminate  the  errors 
which  OCCU1-. 

(./).  Fuel  cousinnpfion. — Fig.  'J-5,  pp.  27-80,  show  the  coal 
as  fired,  plotted  on  a  time  base,  for  each  test  made  v.ith 
four   of   the   fuels   tested.     In   all   cases   the   slope   of  the  coal 
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line  representing  the  period  of  the  first  charge  of  fuel  is  steeper 
than  the  slope  of  the  line  of  subsequent  firings.  This  is  particularly 
marked  in  the  case  of  the  anthracite.     An  examination  of  the  line 
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representing  the  second  firing  will  in  some  cases  disclose  the 
fact  that  some  unconsumed  fuel  remained  in  the  fire-box  at  the 
time  of  the  second  firing  and  was  then  burned,  making  that  period 
somewhat  longer  than  subsequent  periods.     The  time  of  the  last 
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firing  will  also  be  noted  as  often  being  longer  than  the  preceding 
periods  on  account  of  the  fire  being  allowed  to  burn  out  some- 
what more  completely  at  the  end  of  the  test  than  was  usual  at  the 
end  of  the  other  firing  periods.  As  a  rule,  however,  after  the 
first  firing  the  slope  of  the  coal  line  is  quite  uniform,  and  it  was 
the  general  opinion  of  the  observers  that  after  the  first  or  second 
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firing  period  the  test  conditions  could  readily  be  kept  practically 
uniform  for  any  reasonable  length  of  time.  At  the  beginning  of 
this  series  of  tests  it  was  thought  possible  that  after  making  the 
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tests,  starting  and  stopping  by  the  method  adopted,  it  might  be 
possible  to  divide  the  data  so  as  to  omit  one  or  more  of  the  firing 
periods,  such  as  the  first,  or  first  and  last  periods,  retaining  only 
those  periods  as  a  portion  of  the  test  during  which  conditions 
were  apparently  constant.  This  would  in  effect  give  a  test  using 
the  alternate  method  of  starting  and  stopping.  It  has,  however, 
not  been  thought  advisable  to  attempt  such  a  division  of  the  data 
and  discussion  of  it  here.  Many  of  the  tests  consisted  of  but 
three  or  four  firing  periods  and  the  elimination  of  one  or  more 
periods  would  make  the  duration  of  the  test  extremely  brief  and 
correspondingly  magnify  errors  due  to  the  varying  fire  conditions. 
The  methods  adopted  for  determining  the  amount  of  fuel  con- 
sumed were  found  to  be  very  satisfactory  and  it  seemed  that 
little  or  nothing  was  to  be  gained  by  discussing  the  data  upon  a 
basis  which  might  give  less  accurate  values  for  that  important 
item. 

(2).  Efficiency  and  evaporation  as  affected  by  length  of  test. — 
Table  4  shows  the  equivalent  evaporation  and  efficiencies  for  all 
tests,  grouped  as  tests  8,  16  and  24  hours  long.  The  same  data 
are  plotted  in  Fig.  6  and  7.  In  the  majority  of  the  tests  the  rates 
of  evaporation  and  efficiencies  are  higher  for  the  16-hour  tests 
than  for  the  8 -hour  tests.  This  condition  is  true  to  a  more 
marked  extent  in  the  case  of  boiler  Di  than  of  boiler  D2.  The 
lower  efficiencies,  in  general,  of  the  8-hour  tests  may  be  due  to 
losses  incurred  through  inefficient  burning  during  the  first  fire 
which  would  affect  the  results  of  the  shorter  tests  to  the  greater 
extent.  Accumulations  of  soot  in  the  flues  of  boiler  D2  and  the 
extent  to  which  this  soot  was  burned  out  during  the  tests  may 
have  affected  efficiencies  to  a  considerable  extent.  Comparing 
the  rates  of  evaporation  and  efficiency  for  the  16-hour  and  24 -hour 
tests  the  differences  are  in  general  not  so  great  as  between  the 
8  and  16-hour  tests. 

No  complete  explanation  is  here  offered  as  to  the  cause  of  this 
variation  in  the  matter  of  efficiency  and  rate  of  evaporation  per 
pound  of  fuel  for  tests  of  different  length.  In  some  individual 
tests  varying  conditions  which  were  noted  were  thought  to  have 
caused  these  changes  either  in  part  or  altogether,  but  no  general 
conclusion  in  this  respect  could  be  drawn.  It  was,  however,  con- 
sidered that  16-hour  tests  would  give  results  more  reliable  and 
better  for  comparative  purposes  than  8-hour  tests  and  that  as  be- 
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TABLE  4 

Equivalent  Evaporation  and  Efficiency  for  Different  Lengths 

OF  Tests 
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tween  tests  16  and  24  hours  lonj?  the  results  of  the  shorter  tests 
would  in  general  be  as  serviceable  as  those  of  the  longer  ones. 

{'^).  Length  of  test  required. — Basing  a  conclusion  as  to  the 
length  of  test  desirable  upon  the  work  here  reported  for  tests 
which  are  comparable  to  these  tests  as  to  load  conditions,  that  is, 
operating  at  fairly  high  capacity,  as  50  per  cent  or  more  of  rated 
capacity,  it  would  seem  advisable  to  make  the  test  at  least  10 
hours  long  and  to  have  at  least  three  tiring  charges.  The  stop 
should  be  made  according  to  fire  conditions,  rather  than  at  the 
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end  of  a  given  interval  of  time.  In  case  the  firing  charges  were 
large  or  the  load  light,  the  length  of  the  test  might  with  advan- 
tage be  somewhat  longer  than  16  hours.  The  length  of  16  hours 
is  given  as  approximately  the  minimum  time  which  would  give 
results  that  could  be  considered  as  satisfactorily  comparable. 
Under  the  test  conditions  the  8  hour  tests  were  liable  to  be  con- 
siderably affected  by  the  varying  fire  conditions  at  the  start  and 
stop  of  the  test,  while  it  seemed  that  after  about  16  hours  little 
was  gained  by  running  the  test  through  24-hour  or  longer  periods. 
It  is  likely,   however,   that  for  service  tests  with  very  variable 


9.0 


Ujd.O 

I 


7.0 


o 


uiS.O 


____^ 

. 

so 

LVA 

Y   COKE 

— 

•"* 

— 1 

i  HOUSE 

^O'-at-tnhJT 

^6- 

'JH 

= 

=- 

•  •  - 

•  «_ 

\~ 

= 

. 



■— 

■ — 

^^^ 

-A 

fiTHf^AClTE 

1    1 

___ 

-.. 

^ILLIAMSON 

COUNTS  iLll 

— 

1 

— 

'  '  — 

=JL 

;RM 

■ 

• 

k>* 

M/«COM    COUNTY    IL 

. 

1        1        1         1        1    - 

10  12  14-  16  \6  20  22 

LENGTH   OF  test:  HOURS.    BOILER    D, 


24 


26 


12  14  16  18  20  22  2A- 

length  of  test,  hours.  boiler  dg 

Fig,  6    Relation  between  Length  of  Test  and  Equivalent 
Evaporation  per  Pound  op  Fuel  as  Fired 


34 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


2 

-^ 

•  — 

^- 

^ 

k'^ 

1 

''  COKE 

Sjtol 

S59 

a. 

.57 

I" 

"5. 

•^ 

■~^ 

_MO 

list 

ro 

iS- 

immss 



GAb 

■ — 1 

53 

h 

v.  47 

_AHlii5p^ 

. — 

— ■ 

i 

ouN-rv  ILL. 

• 

■ 

^^ 

-^^^^^^S^feoi-k^ 

-H 

' 

"■ 



—  . 

MACOW   COUNTY    ill]         {         1 

m4S 

1 

^ 

POCAHON/TA^ 

1          1          1 

1 

65 


^.63 

Z 
U6I 

659 

A. 

57 
»-■ 

l« 

-J 

ft.53 
u. 
«5I 

>• 

ui 
C34r 


ui45 


13  15  17  Id 

M0UR5  -   80ILER    0, 


^s 


, 

1 

N 

^'^HOO^'. 

> 

A^ 

THf 

-  1—    '             1                                        ^ ' 

«— L 



, .  - 

" 

^-1 

^^ 

"^ 

fl*^ 

— 

_ 

^^ 

^ 

-^ 

f»0 

CM»- 

•  • 

— ■ 

— ^ 

_ 

*  — 

^ 

^^ 

v.;i^ 

p^^i^ERMlUON^ 

COUMTV 

ILL. 

•  " 

~~" 

"^ 

^^ 

^ 

•  "^ 

^£§^2!^ 

<     lU 

^ 

,  — - 



13  15  (7  )9 

H0UR3- BOILER    0^ 


23 


ZS 


2T 


Fig. 


7    Relation  between  Plant  Efficiency  and  Length 
OF  Test 


loading  and  operating  at  low  average  capacity,  a  test  of  24  hours 
or  longer  will  be  found  desirable. 

6.     Fuel  Cost 

(I).  Price  and  heatinc/  value. — The  great  advantage  of  Illinois 
coal  for  the  Illinois  user  and  others  within  a  reasonable  distance 
of  the  field  is  in  its  low  price.  First-class  Illinois  coal  for  domes- 
tic purposes  can  be  purchased  for  one-half  or  less  than  one-half 
the  price  which  must  be  paid  for  anthracite.     While  the  heating 
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TABLE  5 
r?.ELATivE  Cost  of  Fuels 
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value  of  the  anthracite  and  other  high-priced  fuels  is  in  general 
greater  than  the  Illinois  coals,  the  difference  is  not  so  great  as  to 
be  in  any  sense  commensurate  with  the  difference  in  price.     Table 

5  gives  information  concerning  the  relative  cost  of  the  fuels  tested. 
The  heating  value  of  the  Pocahontas  coal  is  considerably  higher 
than  the  other  fuels,  that  of  the  anthracite  somewhat  higher  than 
the  Illinois  coal,  while  the  cokes  have  approximately  the  same 
heating  value  as  the  highest  given  for  the  Illinois  coal.  It  will  be 
noted  that  the  B.  t.  u.  (British  thermal  units) per  pound  of  anthra- 
cite is  12682  as  compared  with  a  value  of  12275  for  a  comparatively 
high-priced  Illinois  coal  and  a  value  of  11546  for  a  somewhat 
cheaper  Illinois  coal.  In  one  case  the  Illinois  coal  costs  45.5  per 
cent  of  the  price  of  the  anthracite  and  contains  96.8  per  cent  of  its 
heating  value.  In  the  other  case  the  Illinois  coal  costs  but  34.5 
per  cent  of  the  price  of  the  anthracite  and  contains  91  per  cent  of 
its  heating  value.  While  it  is  recognized  that  under  present  con- 
ditions the  heat  content  alone  is  by  no  means  a  sufficient  measure 
of  the  value  of  the  coal,  this  great  discrepancy  in  price  per  heat 
unit  suggests  the  need  of  improvement  m  the  methods  of  burning 
the  cheaper  fuel.  If  all  other  advantages  or  disadvantages  could 
be  equalized  or  eliminated,  the  B.  t.  u.  delivered  by  the  fuel  would 
be  the  direct  measure  of  its  value. 

(2).     Relative  cost  as  shoiun  by  tests. — Table  6  presents  com- 
parisons relative  to  fuel  costs.     The  values  tabulated  in  Columns 

6  to  13  inclusive  are  averages  for  all  tests  run  with  each  fuel  with 
each  boiler.     Columns  1  and  2  give  the  kind  and  cost  of  each  fuel. 
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These  were  purchased  mostly  from  local  dealers  and  have  already- 
been  described  in  the  paragraph  on  fuels  on  page  14.  Almost  all 
of  these  fuels  can  be  purchased  somewhat  more  cheaply  in  larger 
quantities.  Column  3  gives  the  heating  capacity  per  pound  for 
each  fuel  as  taken  from  Table  3,  page  18  and  Column  4  the  cost 
of  14600  B.  t.  u.  as  purchased  in  each.  (The  number  14600 
B.  t.  u.  as  the  calorific  value  of  a  pound  of  pure  carbon  is  taken  as 
a  convenient  unit  for  comparison.)  In  Column  5  is  given  the  cost 
per  pound  of  fixed  carbon  for  the  different  fuels.     Columns  6,  7  and 

8  give  three  of  the  principal  operating  conditions  inserted  here 
for  convenience  in  making  comparisons  and  in  showing  the  degree 
of  uniformity  of  these  conditions.  Columns  9,  10  and  11  give 
the  fuel  cost  of  evaporating  1000  lb.  of  water  from  and  at  212°  F. 
and  percentage  relations  concerning  the  same.  Column  12  also 
presents  the  results  relative  to  fuel  cost  and  evaporation  stated 
in  terms  of  serving  100  sq.  ft.  of  radiation.  Column  13  gives 
averages  of  plant  efficiencies. 

(S).  Cost  per  B.  t.  u.  and  per  pound  of  fixed  carbon. — It  will  be 
noted  that  the  cost  per  B.  t.  u.  is  almost  three  times  as  much  in 
the  case  of  anthracite  as  in  the  cheapest  of  the  Illinois  coals. 
When  comparing  the  costs  per  pound  of  fixed  carbon,  which  under 
present  conditions  of  burning  is  a  very  important  consideration, 
the  differences  in  price  are  not  as  marked,  the  cokes  having  the 
lowest  cost  per  pound  in  this  respect.  It  is  to  be  supposed  that 
the  heat  content  of  the  fixed  carbon  is  utilized  to  about  the  same 
extent  for  all  the  fuels,  the  variations  in  efficiency  being  largely 
due  to  incomplete  utilization  of  the  heat- content  of  the  volatile 
matter.  The  relation  of  efficiency  to  fixed  carbon  content  has 
already  been  shown  graphically  in  Fig.  1,  page  22.     In  Fig.  8  and 

9  average  efficiencies  have  been  plotted  with  relation  to  cost  per 
B.  t.  u.  per  cent  volatile  and  per  cent  of  fixed  carbon.  These 
figures  show  graphically  the  higher  efficiencies  obtained  with  the 
higher  priced  fuels,  and  those  high  in  fixed  carbon  content,  as 
contrasted  with  those  high  in  volatile  matter,  and  indicate  the 
desirability  of  developing  methods  for  burniug  the  cheap  and 
high  volatile  fuels  in  a  more  efficient  manner. 

U).  Cost  of  evaporation  — The  rate  of  combustion  and  rate  of 
evaporation  per  square  foot  of  heating  surface  are  both  lower  in 
the  case  of  boiler  D2  owing  (aside  from  efficiency  differences)  to 
the  greater  grate  and  heating  surfaces  of  that  boiler  relative  to  the 
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rated  capacity.  The  cost  of  evaporating  1000  lb.  of  water  from 
and  at  212°  F.  varies  from  62.37  cents  for  anthracite  on  boiler  Di 
to  23.40  cents  for  the  cheapest  of  the  Illinois  coal  tested  on  boiler 
D2.  If  evaporative  performance  alone  be  considered,  this  shows 
a  saving  of  62.5  per  cent  of  the  cost  of  the  anthracite  for  the 
extreme  cases  noted.  Considering  each  boiler  separately  the  cor- 
responding figures  are  savings  of  59.7  and  56.3  per  cent,  respect- 
ively, in  the  case  of  boiler  Di  and  boiler  D2.  Similar  differences 
as  between  anthracite  and  the  other  fuels,  also  between  Illinois 
coals  and  the  Pocahontas  coal  and  the  cokes,  while  not  as  great, 
are  sufficient  to  warrant,  other  conditions  being  equal,  the  choice 
of  Illinois  coal  on  the  ground  of  economy.  The  same  percentage 
differences  relative  to  fuel  cost  apply  to  the  cost  of  serving  100 
sq.  ft.  of  radiation  per  hour  as  to  the  cost  of  evaporating  10001b. 
of  water,  and  Column  12  merely  presents  in  a  slightly  different 
manner  the  fact  that  as  between  the  extreme  cases  of  the  tests 
considered  the  same  heating  effect  was  produced  by  one  of  the 
Illinois  coals  at  37.5   per  cent  of  the  fuel  cost  of  the  anthracite. 

(d).  Relative  fuel  values  as  determined  by  tests. — In  Table  7  are 
presented  relative  values  of  the  fuels  tested.  These  values  are 
based  upon  evaporative  performance  as  determined  under  the  test 
conditions  and  this  fact  should  be  borne  in  mind  in  comparing 
them.  In  the  first  part  of  the  table  the  cost  of  evaporating  1000 
lb.  of  water  from  and  at  212°  F.  is  shown  for  fuel  prices  ranging 
from  $1.00  to  $10.00  per  ton  for  each  fuel.  Comparisons  may  be 
made  in  the  following  manner:  if  in  a  certain  locality  anthracite 
costs  $8.00  per  ton  and  Williamson  County,  Illinois,  coal  cost  $4.00 
per  ton  it  will  be  seen  that  it  will  cost  56.21  cents  to  evaporate 
1000  lb.  of  water  with  the  anthracite  and  31.84  cents  to  do  the 
same  work  with  the  Illinois  coal. 

In  the  second  part  of  the  table  the  same  relative  values  are 
given  in  a  somewhat  different  manner.  The  relative  values 
of  the  different  fuels  per  ton  are  expressed  in  dollars  with 
the  price  of  anthracite  ranging  from  $1.00  to  $10.00  per  ton.  If, 
for  example,  in  a  given  locality,  anthracite  costs  $8.00  per  ton, 
Williamson  County,  Illinois,  coal  is  (for  evaporating  purposes) 
worth  $7.03  per  ton  and  if  the  Illinois  coal  can  be  bought  for  a 
less  price  than  $7.03  a  saving  can  be  made  by  using  it  instead  of 
the  anthracite.  Again,  if  at  a  certain  place  Williamson  County 
coal  can  be  purchased  for  $3.51  per  ton   then  (for  evaporative 
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TABLE  7 

Relative  Value  of  fuels  for  Use  in  House-heating  Boilers  as 

Determined  by  Evaporative  Tests  on  Two  Types  of 

Boilers  When  Operated  at  65  per  cent  of 

their   Rated  Capacity 


Kind  of  Fuel 


Cost  in  Cents  of  Evaporating  IfOO  pounds  of  Water  from 

and  at  212°  F..  with  Price  uf  Fuel  Ranging  from  $1.00 

to  $10.00  per  Ton  ef  2,000  pounds 


$2 


$3 


$4         $.5 


$6 


$8 


$9        $10 


Anthracite 

Pocahontas 

Gas  House  Coke 

Solvay  Coke  

Illinois,  Williamson  county. 

Illinois,  Macon  county 

Illinois,  Vermilion  county.  . 


7.03 

14.05 

21.08 

28.11 

35.13 

42.16 

6.59 

13.19 

19.78 

26. 37 

32.97 

39.56 

6.77 

13. 54 

20.30 

27.07 

33.84 

40.61 

6.27 

12.53 

18.80 

25.07 

31.33 

37.60 

7.96 

15.92 

23.88 

31.84 

39.80 

47.76 

9.20 

18.40 

27.60 

36.80 

46.00 

,55.20 

,  8.52 

17. (M 

25.55 

34.07 

42.59 

51.11 

49  19    56.21    63.24    70.27 


46.15 
47.37 
43.87 
.55.72 
64  40 
59.63 


.52. 75 
54.14 
50.13 
63.68 
73.60 
68.15, 


59.34  65.93 
60.911  67.67 
56.40'  62. 67 
71.64  79.60 
82.80,  92.00 
76.66|  85.18 


Kind  of  Fuel 


Relative  Value  of  Fuels  (Determined  by  Evaporative 

Tests)  with  Price  Varying  from  $1.00  to  $10.00  per 

Ton  of  2.000  pounds  of  Anthracite 


$2 


$3 


$4 


$5 


$7 


$8 


$9 


$10 


Anthracite 

Pocahontas 

Gas  House  Coke 

Solvay  Coke 

Illinois.  Williamson  county 

Illinois.  Macon  county 

Illinois.  Vermilion  county. 


$1.00 

$2.00 

$3.00 

$4.00 

$5.00 

$6.00 

$7.00    $8.00 

$9.00 

1.07 

2.14 

3.21 

4.28 

5.35 

6.42 

7.49      8.56 

9.63 ; 

1.04 

2.07 

3.12 

4.15 

5.19 

6. 23 

7.27      8.31 

9.35 

1.12 

2.23 

3.34 

4.46 

5.58 

6.69 

7.81      8.92 

10.04 

.88 

1.76 

2.64 

3.51 

4.39 

5.27 

6.15  ;  7.0b 

7.91 

.76 

1  52 

2.28 

3.04 

3.80 

4.57 

5.33     6.09 

6.85 

.82 

1.64 

2  46 

3  29 

4.11 

4.93 

5.75      6.57 

7.39  i 

$10.00 
10.70 
10.39 
11.15 
8.79 
7.61 
8.21 


purp">ses)  anthracite  is  at  that  place  only  worth  $4.00  per  ton  and  if 
more  than  $4.00  must  be  paid  for  anthracite  the  additional  amount 
must  be  con.sidered  as  a  loss  or  as  being  expended  for  advantages 
possessed  by  the  anthracite  such  as  cleanliness,  and  ease  of  fire 
control  not  possessed  by  the  other  fuel. 

D.      Control 

Under  the  conditions  of  the  tests  little  difficulty  as  to  control 
or  regulation  was  experienced.  The  observers  were  at  all  times 
present  and  gave  such  attention  as  was  required  to  maintain  the 
capacity  desired.  As  already  explained  for  these  tests,  questions 
relating  to  attention  required,  control  and  cleanliness  were  con- 
sidered of  secondary  importance  to  obtaining  tests  comparable 
upon  an  evaporative  performance  basis.  AVhen  burning  the  an- 
thracite and  the  cokes,  almost  no  attention  was  given  the  tire 
from  one  time  of  firing  to  the  next.  A  preliminary  adjustment 
of  the  chains  operating  the  ash-pit  damper  and  check  was  made 
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for  each  fuel  if  considered  necessary  and  was  in  general  not 
changed  during  the  tests  with  that  fuel.  It  was  found  advisable 
to  keep  the  ash-pit  as  nearly  air  tight  as  possible  except  for  the 
damper  in  the  ash-pit  door  in  order  that  the  fire  might  be  effect- 
ually checked  when  the  damper  was  closed.  This  was  found  par- 
ticularly desirable  in  the  case  of  the  quick  burning  Illinois  coal. 
In  general  the  attention  required  by  the  Pocahontas  and  Illinois 
coals  was  considerably  more  than  that  required  by  the  anthracite 
and  coke.  The  regulation  was  also  much  more  uniform  when 
burning  the  anthracite  and  coke  than  with  the  other  fuels. 

E,  Smoke 

In  Table  15,  page  90,  Appendix  A,  are  given  data  relative  to 
the  smoke  produced.  Smoke  records  were  not  taken  at  all  times. 
For  the  majority  of  the  tests  a  record  was  taken  for  only  one  fir- 
ing interval,  that  is,  from  the  time  of  firing  one  charge  of  fuel  to  the 
time  of  making  the  next  charge,  and  no  data  are  here  tabulated 
except  such  as  extend  over  such  a  complete  interval.  Smoke  rec- 
ords taken  during  the  first  firing  interval  were  affected  by  the 
smoke  produced  by  the  kindling  used.  This  is  particularly  marked 
in  the  case  of  the  Solvay  coke  as  practically  no  smoke  was  pro- 
duced with  this  fuel  after  the  first  firing.  During  the  time  of 
making  smoke  records,  observations  were  made  at  one  minute  in- 
tervals while  smoke  was  being  produced  and  at  somewhat  longer 
intervals  when  it  was  known  that  no  smoke  was  being  produced. 
The  smoke  produced  was  often  of  a  yellow  or  brownish  color  and 
difficult  to  compare  by  means  of  the  Ringelmann  color  scale,  also 
owing  to  several  changes  in  the  personnel  of  observers  it  is  not  to 
be  expected  that  the  observations  are  strictly  comparable.  It  is 
believed,  however,  that  they  represent  fairly  well  the  smoke  con- 
ditions as  nearly  as  that  can  be  done  by  the  methods  emploj^ed. 
In  making  and  tabulating  the  smoke  records  the  Ringlemann 
chart  numbers  1,2,  3,  4  and  5  were  considered  as  representing 
20,  40,  60,  80  and  100  per  cent  black  smoke  respectively. 

F.  Cleanliness 

In  matters  of  cleanliness  in  and  about  the  boiler  room,  the 
anthracite  and  coke  were  superior  to  the  other  fuels.  The  total 
ash  from  the  Pocahontas  coal  was  comparatively  small  in  amount, 
free  from  clinkers  and  easily  handled.  This  also  was  true  to  a 
somewhat  less  extent  for  the  anthracite  and  cokes,  while  the  ash 
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from  the  Illinois  coals  contained  more  or  less  clinkers,  was  ob- 
tained in  greater  amount  and  was  more  troublesome  to  handle. 
Observations  as  to  the  thickness  of  the  soot  and  ash  collecting 
upon  the  walls  of  the  Hues  were  made  at  the  end  of  the  tests. 
These  observations  were  incomplete  and  varied  greatly  as  com- 
pared with  each  other  and  are  not  reported.  For  a  number  of 
the  tests  the  soot  which  had  collected  in  the  flues  was  burned  out 
during  the  tests  while  in  other  cases  this  did  not  happen.  Owing 
to  the  arrangement  of  the  flue  surfaces  with  respect  to  thefire-TDit 
this  burning  of  the  soot  was  much  more  apt  to  take  place  in  boiler 
Di  than  in  D2. 
G.     General 

In  making  fuel  tests  with  house- heating  boilers  especially  if  it 
is  desired  to  consider  the  boiler  as  well  as  the  fuel  being  tested, 
it  would  seem  advisable  to  test  at  approximately  the  average  ca- 
pacity at  which  the  fuel  and  equipment  are  to  be  operated,  or  if  the 
load  demand  is  to  be  very  variable,  to  test  under  conditions  approx- 
imately similar  to  the  operating  conditions.  If  the  boiler  is  to  be 
used  for  heating  purposes  where  the  load  demand  will  approach 
its  rated  capacity  and  be  fairly  constant  over  a  considerable  por- 
tion of  the  day,  as  might  be  the  case  in  many  comparatively  large 
installations,  tests  under  those  conditions  will  give  results  as  to 
efficiency,  rate  of  evaporation,  and  other  conditions  which  will  be 
dependable  and  of  value.  On  the  other  hand,  tests  run  under 
conditions  similar  to  those  which  might  exist  in  a  small  residence, 
only  requiring  a  hot  fire  for  a  few  hours  and  an  average  load  of 
possibly  20  per  cent  or  30  per  cent  of  the  rated  capacity,  would 
give  results  for  the  most  part  applicable  only  to  like  service  con- 
ditions. Tliis  would  necessitate  tests  of  at  least  two  general  types, 
one  of  which  would  be  quite  similar  to  tests  as  ordinarily  run  upon 
power  boilers,  probably  making  evaporative  performance  the 
main  item  sought,  and  the  oth^r  would  be  of  the  nature  of  a  ser- 
vice test  where  much  more  relative  attention  would  be  paid  to  de- 
tails concerning  attendance,  control,  and  cleanliness.  Further 
tests  which  are  now  in  progress  with  house-heating  apparatus 
under  various  conditions  as  to  capacity  and  service  will,  it  is  hoped, 
throw  some  further  light  upon  the  relations  existing  under  widely 
varying  service  conditions. 

In  making  a  comparison  of  the  fuels  tested  as  to  the  advan- 
tages or  disadvantages  possessed  by  each,  it  is  necessary  to  keep 
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in  mind  the  conditions  under  which  these  particular  tests  were 
made.  Other  test  conditions  as  to  capacity  or  attendance  might 
warrant  in  some  respects  quite  different  conclusions. 

Several  general  observations  may,  however,  be  made.  Con- 
sidering the  cost  factor  as  expressed  in  the  cost  per  ton  of  fuel, 
cost  per  heat  unit  and  cost  per  unit  of  evaporation,  the  Illinois 
coal  has  so  great  an  advantage  over  anthracite  or  high-priced 
eastern  coals  that  it  seems  probable  that  this  factor  alone  will  in 
a  very  large  number  of  cases  and  to  an  ever  increasing  degree 
bring  about  the  use  of  the  cheaper  fuel.  This  condition  will  come 
about  in  spite  of  recognized  disadvantages  with  regard  to  smoke, 
dirt  and  more  or  less  troublesome  fire  control,  and  emphasizes  the 
necessity  of  perfecting  conditions,  fuels,  or  equipment,  so  that 
these  drawbacks  may  be  eliminated  or  reduced  to  a  minimum. 
Fire  conditions  and  general  cleanliness  can  be  bettered  through 
proper  screening  and  sizing  of  the  coal,  probably  through  wash- 
ing at  the  mines,  and  through  improvements  made  upon  the  fuel 
burning  equipment.  Similar  care  and  attention  to  the  matter  of 
details  will  also  to  a  certain  extent  reduce  the  smoke  given  off. 
At  present,  however,  it  seems  unlikely  that  we  can  hope  to  burn 
Illinois  coal  under  average  domestic  conditions  without  producing 
an  amount  of  smoke  which  must  be  both  unsightly  and  injurious. 
Except  for  a  limited  number  of  localities  where  effective  smoke 
abatement  laws  may  be  operative,  these  conditions  with  respect 
to  smoke  will  doubtless  continue  to  grow  worse  with  the  increas- 
ing use  of  this  fuel.  Sufficiently  decided  and  immediate  improve- 
ment in  regard  to  smoke  prevention  wheii  burning  Illinois  coal  in 
these  small  units  is  hardly  to  be  looked  for,  and  the  remedy  would 
seem  to  be  rather  in  central  station  heating  work  or  in  previous 
preparation  of  the  fuel  to  render  it  smokeless.  Central  station 
heating  is  at  present  only  to  be  considered  under  special  condi- 
tions and  can  not  be  considered  as  a  solution  of  the  problem  as  a 
whole.  The  most  important  and  at  the  present  time  practicable 
method  of  previously  preparing  the  fuel  is  through  its  conver- 
sion into  coke.  Considering  cost  as  illustrated  by  the  tests  made 
it  would  appear  that  coke  is  still  at  a  considerable  disadvantage 
with  respect  to  the  raw  Illinois  coal,  not,  however,  to  so  great  an 
extent  as  anthracite.  Coke  has  the  advantages  of  smokelessness 
and  cleanliness  possessed  by  anthracite,  but  upon  the  other  hand 
is  handicapped  by  certain  disadvantages,  such  as  its  comparative 
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bulk,  the  non-suitability  of  a  great  proportion  of  the  present 
heating  apparatus  to  burn  it  to  the  best  advantage,  or  in  suffi- 
cient quantity  under  extreme  weather  conditions.  Apparatus 
especially  designed  for  burning  coke  will  doubtless  eliminate 
these  difficulties  to  a  large  extent.  Manufacturers  of  house-heat- 
ing apparatus  are  at  present  offering  equipment  specially  designed 
to  meet  this  demand.  B^urther,  it  is  to  be  hoped  that  with  the 
increased  coke  production,  particularly  the  increased  production 
from  Illinois  coal,  there  will  come  prices  that  will  permit  coke  to 
compete  favorably  with  the  less  clean  fuels  with  respect  to  cost. 
The  general  use  of  coke  as  fuel  for  domestic  purposes,  and  the 
consequent  non- production  of  black  smoke  would  eliminate  a 
phase  of  the  smoke  problem  which  at  present  is  both  serious  and 
difficult  to  handle.  In  a  larger  way  also,  the  use  of  coke,  as  pre- 
pared for  example  by  the  Solvay  or  by-product  process,  appears 
to  be  in  the  direction  of  a  solution  of  both  the  smoke  problem  and 
the  problem  of  the  economic  use  o£  the  coal  supply.  Aside  from 
the  condition  of  blackness,  due  to  unconsumed  carbon,  smoke  con- 
tains other  constituents,  also  injurious  to  both  health  and  materi- 
als. The  sulphur  content,  which  in  Illinois  coal  is  relatively  high, 
gives  rise  to  one  of  the  most  injurious  of  such  constituents.  The 
proper  preparation  of  Illinois  coal  for  domestic  use,  whatever  the 
process  may  be,  should  take  out  or  reduce  the  quantity  of  injurious 
elements  contained  in  the  coal.  The  process  of  coal  washing  and 
the  conversion  of  coal  to  coke  are  both  beneficial  in  this  respect 
and  may  be  considered  as  steps  in  the  right  direction  with  regard 
to  reducing  the  injury  due  both  to  the  visible  blackness  of  the 
smoke,  and  to  the  injurious  constituents  which  occur,  such  as 
colorless  gases. 

In  general,  then,  we  may  conclude:  (1)  that  on  the  score  of 
economy  the  high-priced  eastern  coals  must  give  way  to  the 
cheaper  home  product;  (2)  that  that  product  will  be  used  in  con- 
tinually increasing  quantities  for  domestic  purposes;  (3)  that 
this  condition  will  be  accompanied  by  improved  equipment  and 
methods  of  burning  the  cheaper  fuel;  (4)  that  the  use  of  raw 
Illinois  coal  will  continue  to  be  accompanied  by  a  considerable 
amount  of  smoke  and  dirt  which  must  eventually  lead  to  some 
adequate  method  of  preparing  this  fuel  in  order  to  eliminate  this 
feature;  (5)  that  the  conversion  of  Illinois  coal  to  coke  offers,  at 
present,  a  seemingly  satisfactory    method  of  such  prei^aration; 
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and  (6)  that  with  the  adaptation  of  equipment  to  satisfactorily 
burn  coke  at  a  price  which  for  coke  will  put  it  on  an  equal  footing 
with  raw  coal,  coke  may  be  expected  to  take  a  very  important 
place  as  a  domestic  fuel,  and  be  an  important  factor  in  its  rela- 
tion to  the  smoke  problem  and  the  fuel  question  as  a  whole. 

10.     Equipment 

These  tests  were  conducted  with  two  house-heating  boilers 
installed  by  the  Engineering  Experiment  Station  at  the  Univer- 
sity of  Illinois.     The  boilers   have   been   designated  as  boiler  Di 


J6  /Vof  a/r  cf/3tribufing pipe 


fan  engine 


Fig.  10     Plan  of  House-heating  Boiler  Test  Plant 
Engineering  Experiment  Station,  University  of  Illinois 
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and  boiler  D2.  In  the  U.  S.  G.  S.  bulletin,  which  also  reports 
the  principal  data  and  result  of  these  tests,  boilers  Di  and  D2  are 
referred  to  respectively''  as  boilers  A  and  B. 

In  Fig.  10  is  shown  in  plan  the  arrangement  of  the  plant, 
and  in  Fig.  11,  from  a  photograph,  is  shown  the  general  arrange- 
ment. The  boilers  are  set  independently,  each  being  provided 
with  similar  load  regulators,  return  feed  water  systems,  and 
stacks.  The  flow  is  so  arranged  that  the  steam  may  be  dis- 
charged to  the  atmosphere  through  an  exhaust  head  above 
the  roof  of  the  building,  or  into  heating  coils  at  the  rear  of  the 
boilers.  These  coils  contain  1000  sq.  ft.  of  radiating  surface  and 
are  arranged  in  six  sections,  any  number  of  which  may  be  cut 
out,  changing  the  amount  of  radiation  in  proportion.  They  form 
a  part  of  the  regular  heating  system  of  the  laboratory. 

Boiler  Di  is  made  up  of  four  horizontal  cast-iron  sections,  the 
base  and  grate  section,  the  fire- pot,  an  intermediate  circulation 
section,  and  the  dome.  Fig.  12  gives  a  view  of  the  boiler  erected. 
The  water  space  surrounds  the  fire- pot,  and  is  continued  into  the 
intermediate  and  dome  sections  through  three  nipples. 


Fig.  12    Boiler  Di 

The  boiler  upon  which  the  tests  were  made  is  one  rated  at 
800  sq.  ft.  The  principal  dimensions  and  proportions  of  this 
boiler  are  given  in  Table  8. 
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TABLE  8 

Dimensions  of  Boiler  I)i 

Rated  capacity,  radiating  surface  square  feet  800 

Height  over  all feet      oh 

Floor  space square  feet      9 

Size  of  fire  door inches      8^  x  15 

Height  of  fire  door  above  grate inches    14 

Fuel  capacity  to  center  of  fire  door. .  . .         pounds  290 

Kind  of  grate plain  rocking 

Size  of  grate inches    28  diameter 

Area  of  grate  surface square  feet      4.28 

Area  of  air  space square  feet      2.15 

Ratio  of  air  space  to  grate  surface per  cent    50 

Mean  height  of  furnace inches    22.5 

Height  of  chimney  above  grate feet    39 

Sectional  area  of  chimney square  feet       1.07 

Area  of  flue  connecting  to  chimney square  feet        .55 

Length  of  flue  connecting  to  chimney . .  feet    14 

Least  flue  area  in  boiler    square  feet         .67 

Ratio  of  least  flue  area  to  grate  surface.       per  cent    15.5 

Smoke  outlet  above  grate feet      4. 17 

Kind  of  draft natural 

Direct  water  heating  surface square  feet    18.8 

Indirect  water  heating  surface square  feet    20.7 

Superheating  surface  square  feet      4.2 

Total  heating  surface square  feet    43.7 

Ratio  of  direct  heating  surface  to  total..       per  cent    43 
Ratio  of  total  heating  surface  to  grate 

surface 10.2  to  1 

Total  water  and  steam  space cubic  feet      7.38 

Steam  space cubic  feet      3.07 

Water  space cubic  feet      4.31 

Square  feet  of  external  boiler  surface  in 

contact  with  water  or  steam 37.88 

Boiler  D2  represents  a  type  of  sectional  construction  in  which 
the  base  or  grate  portion  and  the  water-heating  portions  are 
built  up  of  interchangeable  cast-iron  sections,  these  sections  or 
water  legs  being  connected  by  means  of  external  circulation 
drums  or  headers.  Fig.  13  and  14  are  respectively  an  assembled 
and  a  sectional  view  of  tlie  boiler,  and  give  an  excellent  idea  of 
the  water  space,  gas  travel,  and  general  construction. 

Fig.  13  is  from  a  photograph  of  the  boiler  tested. 
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Fig.  13    Boiler  Da 


Fig.  14    Sectional  View  Boiler  D2 
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This  type  of  boiler  is  particularly  adapted  to  a  number  of  ex- 
perimental studies  of  house-heating  boiler  work  as  related  to 
boiler  proportions,  on  account  of  the  ease  with  which  such  pro- 
portions may  be  varied.  This  boiler  is  manufactured  in  three 
widths  of  grate,  and  boilers  of  different  capacities  are  obtained 
by  combining  with  the  different  widths  of  grate  a  greater  or  less 
number  of  water  leg  and  grate  sections. 

The  boiler  installed  in  the  plant  has  a  grate  18  in.  wide,  is 
supplied  with  ten  intermediate  sections,  and  with  13-hole  supply 
and  return  drums,  so  that  a  number  of  combinations  are  available. 

For  the  tests  here  considered  the  boiler  consisted  of  nine 
sections.  The  principal  dimensions  and  proportions  are  given 
in  Table  9. 

TABLE  9 

Dimensions  of  Boiler  D2 

Rated  capacity,  radiating  surface square  feet  1075 

Height  over  all feet  51 

Floor  space square  feet  25 

Size  of  fire  door inches  9x15 

Height  of  bottom  of  fire  door  above  grate          inches  1 0 

Fuel  capacity  to  center  of  fire  door pounds  370 

Kind  of  grate patent  rocker 

Width  of  grate   inches  18 

Length  of  grate inches  48 

Area  of  grate  surface square  feet  G.O 

Area  of  air  space square  feet  3.0 

Ratios  of  air  space  to  grate  surface ....       per  cent  50 

Mean  height  of  furnace inches  22 

Height  of  chimney  above  grate   feet  39 

Diameter  of  fine inches  14 

Sectional  area  of  chimney square  feet  1.07 

Area  of  flue  connecting  to  chimney  . .  .  .square  feet  .55 

Length  of  flue  connecting  to  chimney.  .               feet  12^ 

Least  flue  area  in  boiler square  feet  .495 

Ratio  of  least  flue  area  to  grate  surface       per  cent  8.23 

Smoke  outlet  above  grate feet  3.0 

Kind  of  draft  natural 

Direct  water  heating  surface square  feet  21.89 
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Indirect  water  heating  surface square  feet       53.98 

Superheating  surface none 

Total  heating  surface   square  feet      75.87 

Ratio  of  direct  heating  surface  to  total.       per  cent      28.9 
Ratio  of  total  heating  surface  to  grate 

surface 12.6  to  1 

Total  water  and  steam  space cubic  feet      11 .  16 

Steam  space cubic  feet        3. 28 

Water  space cubic  feet        7.88 

Square  feet  of  external  boiler  surface  in 

contact  with  water  or  steam square  feet    103.27 

(1)  Feedtuater  system. — The  adoption  of  the  arrangement  here 
described,  in  which  the  feed  water  is  forced  from  the  measuring 
tanks  into  the  boiler  by  means  of  compressed  air,  was  influenced 
to  some  degree  by  the  desire  to  use  condensation  water  from  the 
heating  coils,  noted  on  page  47.  It  has,  however,  proved  very 
satisfactory,  requiring  little  attention,  and  is  convenient,  since 
all  of  the  apparatus  is  located  upon  the  same  level  and  within 
easy  range  for  the  observer.  The  arrangement  of  this  apparatus 
is  shown  in  Fig.  10  and  11,  pages  45  and  46.  The  tanks  are  or- 
dinary galvanized  iron  range  tanks.  One  supply  tank  of  fifty- 
four  gallons  is  connected  directly  in  the  return  from  the  heating 
coils.  The  inlet  pipe  passes  to  the  bottom  of  the  tank,  and  the 
outlet  is  at  the  top  so  that  the  tank  is  at  all  times  filled  with  hot 
water. 

The  measuring  tanks,  or  feed  tanks,  one  for  each  boiler,  35 
gallons  capacity,  are  fitted  with  gage  glasses  and  scales  gradu- 
ated to  read  pounds  direct,  correction  being  made  for  varying 
temperatures.  An  overflow  pipe,  with  valve,  located  at  the  top 
of  the  scale,  allows  filling  the  tank  with  a  definite  charge  of 
water. 

These  tanks,  as  stated  above,  are  connected  with  the  labora- 
tory compressed  air  system,  and  during  feeding  are  under  pres- 
sure sufficient  to  force  the  water  into  the  boilers.  A  l-in.  needle 
valve  near  the  boiler  allows  close  regulation  of  the  feed.  The 
heating  system  is  under  three  to  five  pounds  pressure,  so  that 
the  measuring  tanks  can  be  filled  by  simply  opening  a  valve  lead- 
ing to  the  supply  tank.  The  measuring  tanks  can  be  filled  some- 
what more  rapidly  if  it  is  desired,    by   means  of  compressed  air, 


52  ILLINOIS    ENGINEERING   EXPERIMENT    STATION 

suitable  connections  being  in  place.  The  air  pressure  and  boiler 
are  cut  off  from  the  measuring  tanks  and  the  overflow  opened 
during  charging. 

(2).  Load  regulator  and  separator. — Since  these  small  heating 
boilers  are  designed  to  regulate  themselves,  under  control  of 
their  automatic  damper  regulators,  the  rate  of  combustion  may- 
be kept  fairly  regular  by  keeping  the  rate  of  evaporation  con- 
stant. This  has  been  accomplished  by  the  use  of  a  pressure 
regulator,  by  means  of  which  a  steady  fl.ow  of  steam  is  dis- 
charged from  a  constant  pressure  receiver  through  a  suitable 
orifice  into  the  atmosphere,  provision  being  made  for  varying 
the  load  to  suit  the  specific  demand  of  the  test. 

The  receivers  perform  the  duty  of  separators  and  are  thus 
used  to  replace  the  usual  steam  calorimeter,  for  which  reason 
the  receivers  and  pipes  are  heavily  lagged  with  hair  felt  and 
pipe  covering,  one  inch  of  felt  being  first  laid  next  to  the  iron 
and  above  this  a  one-inch  thickness  of  magnesia  pipe  covering. 
The  regulators  are  shown  to  the  right  and  left  of  the  boilers  in 
Fig.  11,  page  46. 

Pig.  15  shows  one  of  the  load  regulators  with  its  covering 
removed.  The  steam  from  the  boiler  passes  through  the  pressure 
regulator  A  into  a  3-inch  pipe,  which  extends  through  the 
top  of  the  receiver  and  nearly  to  the  reducing  tee  at  the  bottom. 
Here  the  direction  of  steam  is  changed  and  entrained  moisture 
separated,  the  dry  steam  passing  up  and  out  through  i^  and  to 
the  exhaust  main  /,  through  an  orifice  plate  in  the  2- inch  union 
G,  the  pipe  J  being  open  to  the  atmosphere.  Difference  of  pres- 
sure as  between  the  receiver  and  on  the  exhaust  side  of  the  ori- 
fice plate  as  at »/,  is  indicated  by  a  mercury  manometer  at  Cmade 
up  with  suitable  connections.  A  slight  back  pressure  due  to  fric- 
tion usually  existed  in  pipe  J.  No  attempt  was  made  to  compute 
the  evaporation  in  this  manner.  The  moisture  separated  from 
the  steam  collects  in  the  3-inch  trap  D,  the  amount  of  which  is  in- 
dicated in  pounds  and  fractions  on  the  gage  glass.  Some  mois- 
ture originally  in  the  steam  is,  doubtless,  evaporated  in  passing 
the  reducing  valve,  consequently  correction  of  computed  results 
for  quality  of  steam  and  conversion  to  equivalent  evaporation 
from  and  at  212°  are  made  on  the  basis  of  the  mean  pressure 
maintained  in  the  receiver,  which  is  usually  about  two  pounds. 
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Variation  in  load  is  obtained  by  the  introduction  of  suitable 
orifices  at  G.  The  by-pass  valve  E,  allows  changes  to  be  made 
during  operation,  the  orifices  taking  the  place  of  a  gasket  in  the 
union. 


Fig.  15    Load  Regulator 
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II.     Fuel  Tests  with  House  heating  Boilers  made  by  the 
United  States  Geological  Survey 
(58  tests:  47  with  briquetted  fuel;  11  with  raw  fuel).  ^ 

11.  latroductlou 

As  has  been  stated  already  the  material  presented  in  Part 
II  was  almost  entirely  supplied  through  the  courtesy  of  the 
Technologic  Branch  of  the  U.  S.  G.  S.  These  tests  are  more 
fully  reported  in  bulletin  No.  366  by  theU.  S.  G.  S. 

Beginning  in  October,  1906,  a  number  of  evaporative  tests 
were  made  at  St.  Louis,  Missouri,  under  the  direction  of  the  United 
States  Geological  Survey,  on  the  house-heating  boiler  installed 
to  heat  the  buildings  occupied  by  the  Structural  Materials  Test- 
ing Division.  58  such  tests  were  made;  11  tests  were  made  with 
raw  coal  and  47  with  briquetted  coal  having  a  binder  of  pitch. 

12.  Summary  cmd  Conclusions 

The  briquets  and  coal  burned  on  the  tests  at  St.  Louis  came 
from  eleven  states  or  territories.  There  were  58  tests,  11  on 
raw  coals,  34  on  round  briquets  and  13  on  square  briquets. 
Most  tests  ran  about  8  hours  and  carried  an  average  steam 
pressure  of  from  2  to  3  lb.  The  amount  of  fuel  fired  at 
each  firing  varied  from  55  to  175  lb.  The  interval  between 
firings  varied  considerably;  on  some  tests  coal  was  fired  every  half 
hour  and  on  others  every  two  hours.  The  average  efliciency  of 
all  of  the  tests  was  51.48;  it  varied  from  38.67  on  an  Illinois  coal 
to  65.36  on  a  Virginia  coal.  The  average  per  cent  of  builders' 
rated  capacity  developed  was  59.2.  It  ranged  from  44  per  cent 
on  an  Illinois  coal  to  77.2  on  an  Indian  Territory  coal.  The  lowest 
boiler  horse- power  developed  was  12.1  and  the  highest  20.6.  With 
fuel  at  $1.00  per  2000  lb.,  the  cost  of  evaporating  1000  lb.  of  water 
from  and  at  212°  P.  varied  from  5.56  cents  for  a  Pennsylvania 
coal  briquetted  to  11.93  cents  for  an  Illinois  coal  briquetted. 

Most  of  the  briquets,  whether  made  from  eastern  or  western 
coal,  smoked  badly  for  several  minutes  after  firing.  Of  the  coal 
tested  raw,  6  were  on  western  and  5  on  eastern  coal.  The  high 
volatile  western  coals  smoked  badly,  but  the  eastern  coals  made 
comparatively  little  smoke. 
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13.  Fuel 

Table  10  gives  a  description  of  the  coal  and  binders  used 
in  the  briquets  tested.  Further  information  relative  to  the  coal 
tested  and  to  the  binders  employed  has  been  published  in  the 
bulletins  of  the  U.  S.  G.  S.''^  The  chemical  properties  of  these 
fuels  as  shown  by  proximate  and  ultimate  analyses  are  contained 
in  Table  16,  on  page  94,  Appendix  B. 

On  comparing  the  results  of  tests  on  the  coal  and  briquets 
there  seems  to  be  no  advantage  in  the  briquets  over  coal  of  a 
suitable  size  for  house  boiler  heating.  Briquetting  a  good  bitu- 
minous coal  would  be  justified  when  slack  is  used  for  material 
and  the  gain  would  be  due  almost  entirely  to  the  more  favorable 
size  of  the  fuel.  This  gain  is  less  for  coals  which  coke  readily 
than  for  non- coking  coals  which  are  not  suitable  for  domestic 
purposes  in  the  form  of  slack.  Briquets  made  from  such  coal  burn 
fairly  well,  as  they  allow  the  air  to  pass  up  through  the  fuel  bed. 

These  experiments  have  shown  that  the  pitch  binders  used 
are  not  suitable  for  a  furnace  working  at  the  low  temperatures 
common  in  a  house- heating  boiler,  as  they  volatilized  and  in  most 
cases  escaped  unburned  or  were  deposited  on  the  surface  of  the 
boiler.  This  coating  generally  burned  off  once  or  twice  a  day, 
causing  a  high  temperature  in  the  flue,  and,  as  a  consequence, 
danger  from  fire. 

14.  Methods  of  Conducting  Tests 

The  tests  were  made  to  conform  as  nearly  as  possible  to 
actual  running  conditions  of  the  average  house  heating  boiler 
plant.  Steam  was  supplied  to  two  buildings  for  heating  and  con- 
sequently the  load  varied  with  the  weather,  according  to  both  the 
temperature  of  the  outside  air  and  velocity  of  the  wind.  On  only 
a  few  of  the  tests  was  the  heating  load  so  light  that  steam  was 
turned  into  the  atmosphere. 

The  tests  usually  covered  a  period  of  about  eight  hours;  dur- 
ing this  time  the  operator  tried  to  maintain  a  steam  pressure  of 
about  three  pounds.  The  alternate  method,  as  prescribed  by  the 
A.  S.  M.  E.  code  for  making  boiler  trials,  was  used  in  starting 
and  stopping  the  tests.     The  boiler  was  installed  in  so  small  a 


*  Bulletin  332,  Report  U.  S.  Fuel  Testing  Plant  1906-7. 
Bulletin  261,  Preliminary  Report  on  Coal  Testing  Plant. 
Bulletin  343,  Binders  for  coal  briquets. 
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TABLE  10    Coal  and  Binders  used  in  Briquets 


Coal 

Binder  a 

7> 

is   9 

Shape  of 

CO 

a 

03  ^ 

ll'i 

Briquet 

s 

Pl, 

5  5-:^ 

siss 

Field  Designation 

Locality 

County 

if 

a 

^S« 

|£s^ 

g 

2l" 

iir 

S' 

^ 

o 

2  X"  c 

Pk 

^"1 

°  F. 

Perct. 

Percent 

Arkansas  No.  13 

Denning 

Franklin   .... 

Round.. 

7 

140.0 

34.44 

95.20 

Illinois: 

No.  7  E 

Near  Collitis- 

ville 

Madison 

8 

143.6 

25.76 

96,90 

N0.9C 

Near  Staun- 

ton  

Macoupin  — 

9 

143.6 

25.76 

96  90 

No.  12  13  W 

Bush 

Williamson  .. 

Scjuare.. 

6.25 

143.6 

39.05 

99.66 

No.  29  AW 

Livingston.. . 

Madison 

Round  . 

7 

143.6 

39.05 

99.66 

No.  29  B 

' ' 

7 

143.6 

39.05 

99.66 

NO.30W 

Shiloh 

St.  Clair 

8.5 

143.6 

25.76 

96.90 

No.  31 

Warden 

8 

143.6 

25.76 

96.90 

No  31 

Trenton 

Clinton 

Square.. 
Round . . 

8 

161.6 
143.6 

28.98 
25.76 

89  31 

No.  33  

96  90 

Indiana: 

No.  1  B 

Mildred 

Hymera 

SuUivan 

..     •• 

8.5 
9 

8.5 

161.6 
143.6 
143.6 

28.98 
25.76 
25.76 

89  31 

No  5B         

96  90 

N0.6B 

96.90 

N0.6B 

Square.. 

7 

143.6 

25.76 

96.90 

Indian  Territory: 

No.  2B 

Hartshorne... 

Round.. 

8 

186.8 

24.70 

85.57 

No.  2  B 

Square.. 

8 

172.4 

20.00 

99.60 

Kansas: 

No.  2B 

Yale 

Crawford 

Allegheny.... 

Round.. 
Square.. 
Round.. 

8 

143.6 
143.6 
143.6 

39.05 
39.05 
25.76 

99.66 

No.  2B 

Frostburg.... 

99.66 

Maryland  No.  2 

96.90 

Missouri  No.  10 

Bevier 

Macon  

8 

143.6 

39.05 

99.66 

Pennsylvania: 

1 

No.  18 

LloydeU 

Cambria 

' ' 

f 

143.6 

25.76 

96.90 

3  7 

143.6 

25.76 

96.90 

No   18 

Herminie 

Westmore- 
land  

Square.. 
Round  . 

/  ^8 

8 

114.8 
143.6 

5.76 
25.76 

100.00 

No-  19 

96.90 

No.  20 

Near  Seward 
Huff    

Indiana 

Square  : 
Round . . 

Square.. 

1 

6 

8 

6 

161.6 
161.6 
161  6 
161.6 

28.98 
28.93 
28.98 
28.98 

89.31 

No.  20  W 

89.31 

No  22 

89.31 

No.  22 

89.31 

Pennsylvania  No.  15 

Wehrum...... 

(one-fourth). 

I  Round. 

6.25 

143.6 

39.05 

99  66 

Rhode  Island    No.  1 

Cranston 

Providence... 

(three-fourths) . 

I 

Pennsylvania  No.  18 

Lloydell 

Cambria 

1 

(one-fourth). 

\ 

8 

143.6 

25.76 

96.90 

Miscellaneous  No.  9 

(three-fourths). 

I 

Pennsylvania  No.  18 

Lloydell 

Cambria 

1   ■•  .. 

(one-half), 

8 

156.2 

25.47 

90.56 

Rhode   Island  No.  1 

Cranston 

Providence. . . 

1 

1 

(one-half). 

1 

Pennsylvania  No.  18 

Lloydell 

Cambria 

~j 

(three-fourths). 

t. 

8 

143.6 

25.76 

96.90 

Miscellaneous  No.  9 

(one-fourth). 

« 

1 

Pennsylvania  No.  18 

Lloydell 

Cambria 

1 

! 

(one-half). 

<. 

8 

143.6 

25.76 

96.90 

Miscellaneous  No   9 

i 

(one-half). 

Virginia  No.  5B 

10  miles  west 
of    Blacks- 
burg 

Montgomery. 

* 

143.6 

39.05 

99. WJ 

oWater-sras  pitch  except  where  otherwise  noted. 


&Wsz  tailings. 
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room  that  the  standard  method  of  starting  and  stopping  the  tests 
was  not  practicable. 

Each  test  was  started  with  a  fire  about  4  in.  thick.  This 
thickness  was  gradually  increased,  varying  from  12  to  18  in. 
depending  upon  the  kind  of  coal  burned  and  upon  the  judgment 
of  the  operator  as  to  the  best  thickness  for  good  combustion.  To 
start  a  test  with  a  4-in.  fuel  bed  required  that  the  same  coal  used 
on  the  test  must  be  fired  for  about  four  hours  before  the  start 
of  the  test.  To  build  up  the  fire  required  light  firings  at  first  and 
the  same  procedure  was  followed  to  burn  it  down  for  a  close.  At 
other  times  during  the  tests  the  amount  of  coal  fired  was  consider- 
ably greater.  Coal  was  fired  whenever  the  heat  requirements 
demanded  it,  usually  at  a  time  when  the  fire  had  burned  down  and 
the  steam  pressure  had  dropped.  When  the  coal  was  fired  it  was 
spread  over  the  entire  fuel  bed.  The  fire  seldom  required  any 
attention  and  it  was  never  poked  unless  a  coal  was  being  burned 
that  coked  badly.  On  the  tests  the  fire  was  cleaned  only  just 
before  starting  and  stopping,  except  in  two  or  three  cases  when 
there  was  an  unusually  large  accumulation  of  clinker  upon  the 
grate. 

Readings  were  taken  of  draft,  temperature  and  steam  pres- 
sure, every  30  minutes.  Smoke  readings  were  taken  as  soon 
after  coal  was  fired  as  other  observations  would  permit  and  it  was 
observed  at  intervals  until  the  volatile  matter  had  been  driven 
off  and  no  smoke  was  given  off  from  the  stack. 

Owing  to  the  many  duties  of  the  observer  there  was  difficulty  in 
securing  and  analyzing  representative  samples  of  flue  gas,  but  the 
results  are  considered  of  sufficient  accuracy  to  indicate  certain 
general  relations  between  the  air  supply  and  the  performance  of 
the  boiler. 

All  gas  samples  analyzed  gave  some  CO  in  the  flue  gas.  This 
was  to  be  expected  as  the  combustion  was  never  complete  on  any 
of  the  tests  as  evidenced  by  watching  the  top  of  the  stack. 

Observations  showed  the  smoke  black  at  times  of  firing  and 
comparable  with  the  Ringelmann  charts,  gradually  turning  gray 
after  several  minutes.  This  is  of  interest  owing  to  the  fact  that 
the  gases  resulting  from  the  combustion  of  briquets  at  the  Illinois 
Engineering  Experiment  Station  were  usually  of  a  dirty  yellowish 
color  and  not  comparable  with  the  usual  standard. 

All  briquets  were  fired  whole.     Shortly  after  they  were  fired 
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distillation  of  the  tar  took  place  and  condensed  on  the  boiler  sur- 
face, forming  a  covering  over  the  flue  passages.  When  the  fire 
was  allowed  to  burn  freely  the  coating  on  flues  ignited.  This 
often  happened  two  or  three  times  during  an  eight  hour  run  and 
would  increase  the  temperature  in  the  flues  as  high  as  ir)OO^F. 
On  this  account  a  thermo-couple  was  used  to  take  the  temperature 
of  the  stack  gases. 

The  furnace  door  was  opened  only  at  fcimes  of  firing.  An 
attempt  was  made  on  a  few  special  briquet  tests  to  reduce  the 
smoke  after  firings  by  opening  the  slide  draft  in  the  furnace  door, 
but  either  there  was  not  enough  air  or  it  was  admitted  at  the  wrong 
point  for  there  was  no  appreciable  reduction  of  smoke.  No 
attempt  was  ever  made  to  introduce  air  over  the  fire  on  the  regular 
series  of  tests. 

The  flue  passages  were  not  brushed  during  the  tests  with 
briquets  as  the  burning  of  the  tar  effectually  cleaned  the  boiler 
surfaces.  In  some  cases  the  tar  coating  without  doubt  greatly 
lowered  the  efficiency  of  the  boiler.  It  will  be  noted  that  the  raw 
coal  gave  better  results  than  when  briquetted. 

The  analyses  of  the  fuel  burned  and  of  the  refuse  were  made 
at  the  chemical  laboratory  of  the  fuel  testing  plant. 

15.  Data  and  Results 

In  Table  16,  pages  92  to  98,  Appendix  B,  will  be  found  the  prin- 
cipal data  and  results  relative  to  these  tests.  Table  17,  page  99, 
gives  the  average  per  cent  of  CO2,  O2  and  CO  for  52  of  the  tests. 

16.  Equipment 

Fig.  16  and  17,  pages  59  and  60  show  plan  and  elevation 
drawings  of  the  house-heating  boiler  plant  as  tested  at  St.  Louis. 

The  boiler  on  which  these  tests  were  made  is  of  the  sectional 
type.  It  contains  seven  separate  sections,  measures  66  in.  in 
length,  has  a  grate  36  x  54i  in.,  three  5-in.  steam  outlets  at  the 
top  of  the  sections  and  is  rated  to  take  care  of  ^150  sq.  ft.  of  ra- 
diating surface. 

The  boiler  furnished  steam  to  two  buildings,  supplying  the 
necessary  amount  through  two  of  the  three  outlets.  The  front 
outlet  was  not  in  use  and  was  capped  over.  This  boiler  is 
made  so  that  feed  water  may  be  supplied  to  every  other  section. 
It  enters  at  the  base  of  the  section  on  both  sides  just  above  the 
grate  level.     There  are  six  return  inlets,  but  in  this  installation 
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Fig.  16    Plan  of  House-heatino  Boiler  Plant  at 
St.  Louis,  Mo. 

only  the  rear  two  were  used.  The  piping  was  so  arranged  that 
during  a  test  period  all  of  the  condensation  was  returned  to  a 
weighing  tank,  then  allowed  to  discharge  into  a  supply  tank  from 
which  it  was  forced  into  the  boiler  by  means  of  a  hand  pump.  The 
temperature  of  the  water  entering  the  boiler  varied  from  100°  to 
150°  F.,  but  usually  averaged  140°  F.  During  a  test  all  the 
water  entered  the  boiler  through  one  of  the  rear  inlet  openings. 
A  sectional  boiler  is  usually  installed  so  that  the  steam  as  it 
is  taken  from  the  sections  is  first  drawn  into  a  collecting  drum,  so 
that  water  will  not  be  carried  into  the  pipes  with  the  steam  in  case  of 
a  sudden  demand  for  steam.  There  was  not  enough  head  room 
for  the  installation  of  this  drum  at  the  St.  Louis  plant  and  the 
steam  was  drawn  directly  from  two  sections.     Drain  pipes  con- 
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Fig.  17    Elevation  of  House-heating  Boiler  Plant  at 
St.  Louis,  Mo. 

nected  with  the  bottom  of  the  steam  pipes,  as  shown  in  the  draw- 
ing, carried  moisture  back  to  the  boiler.  No  moisture  readings 
were  made  on  the  steam;  therefore,  in  making  calculations  on  the 
amount  of  water  evaporated,  the  moisture  was  not  accounted  for 
and  the  boiler  has  been  credited  with  slightly  more  work  than  it 
performed. 

A  siphon  damper  regulator  was  used  to  control  the  draft 
through  the  fire  so  that  a  nearly  constant  steam  pressure  might 
be  carried.  This  regulator  was  connected  direct  to  the  lower 
check  also  by  an  arrangement  of  pulleys  to  the  check  in  the  flue. 

On  the  first  30  tests  the  draft  was  supplied  by  a  stack  32.4  ft. 
above  the  grate.  On  these  tests  both  natural  and  induced  draft 
were  used.  On  the  last  28  tests  the  stack  was  raised  to  44.8  ft. 
above  the  grate  level.  This  height  of  stack  always  furnished  the 
required  amount  of  draft. 

All  except  the  front  of  the  boiler  was  lagged  with  about  aa 
inch  covering  of  plastic  asbestos. 
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III.     Fuel  Tests  with  House-heating  Boilers  made  by  the 

Engineering  Experiment  Station 

(24  tests  with  briquetted  fuel) 

17.  Introduction 

24  tests  were  made  when  burning  briquetted  fuel  in  connection 
with  house-heating  boilers  by  the  Engineering  Experiment  Station 
of  the  University  of  Illinois  during  the  months  of  June  and  July, 
1907.  The  tests  described  in  Part  II  of  this  article  made  by  the 
U.  S.  G.  S.,  at  St.  Louis,  led  to  the  desire  to  conduct  additional  tests 
under  more  constant  conditions  than  could  be  maintained  at 
the  St.  Louis  plant. 

18.  Summary 

An  average  capacity  of  65  per  cent  was  carried  on  all  of  the 
24  tests,  the  variation  being  from  53.2  to  71.4  percent.  The 
boiler  horse-power  developed  on  boiler  Di  ranged  from  4.52  to 
4.96;  on  boiler  D2  from  4.97  to  6.16.  The  average  efficiency  of  the 
boiler  and  furnace,  figured  on  a  dry  coal  basis,  gave  44.85  per 
cent  for  the  24  tests.  Comparing  8  tests  on  briquets,  4  of  which 
were  made  on  large  briquets  and  4  on  small  briquets,  it  is  shown 
that  in  every  case  the  large  briquets  gave  an  appreciably  higher 
efficiency  showing  that  the  size  of  the  coal  burned  is  an  import- 
ant factor.  With  fuel  at  $1.00  per  2000  lb.,  the  cost  of  evaporat- 
ing 1000  lb.  of  water  from  and  at  212°  F.,  varied  from  6.74  cents 
on  a  Pennsylvania  briquet  test  to  12.47  cents  on  an  Illinois  test. 

The  briquets  started  readily  from  a  wood  fire  and  burned  well, 
but  owing  to  the  difficulty  of  obtaining  complete  combustion,  the 
average  efficiency  from  an  8  hour  test  was  low.  The  formation 
of  soot  in  the  flues  of  boiler  D2  was  more  troublesome  than  in 
boiler  Di.  In  two  instances  the  flues  of  boiler  D2  were  completely 
stopped  up  after  an  8-hour  run. 

To  carry  only  65  per  cent  of  the  rated  radiating  surface  the 
draft  through  the  fire  was  either  cut  off  or  very  nearly  so  for  one- 
half  to  three-quarters  of  the  time. 
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19.  Fuel 

A  carload  of  briquets  was  shipped  to  the  Engineering  Ex- 
periment Station  at  Urbana,  Illinois,  and  the  results  here  record- 
ed are  from  tests  made  with  this  fuel.  The  briquets  were  manu- 
factured at  the  U.  S.  G.  S.  fuel  testing  plant  and  were  of  two 
sizes  and  shapes.  The  round  briquets  were  3i  in.  in  diameter  and 
2  in.  thick.  The  square  briquets  were  4i  in.  x  6f  in.  x  2^  in.  24  tests 
were  made,  twelve  on  each  of  two  boilers.  18  of  the  tests  were 
on  round  briquets  manufactured  with  the  Renfrew  briquetting 
machine,  the  other  six  with  square  briquets  made  on  the  English 
briquetting  machine.  These  machines  and  their  products  have 
been  described  in  the  bulletins  issued  by  the  U.  S.  G.  S.,  concern- 
ing the  fuel  testing  plant  at  St.  Louis.  ^'  The  square  briquets 
were  broken  in  halves  before  firing.  The  percentages  of  pitch  in 
the  briquets  varied  from  7  per  cent  to  8  per  cent.  The  chemical 
properties  of  these  fuels  as  to  moisture  and  ash  are  given  in 
Table  18,  page  104,  Appendix  C. 

20.  Metliods  of  Conducting  Tests 

The  methods  employed  in  conducting  the  tests  were  also  in 
general  the  same  as  those  used  in  making  the  tests  considered  in 
Part  I  and  have  been  described  in  connection  with  those  tests 
under  the  heading  "Methods  of  Conducting  Tests"  upon  pages  15  to 
20  inclusive.  For  the  tests  here  considered  the  following  are  the 
principal  conditions  under  which  they  were  planned  to  be  run. 

(l).  The  load  to  be  maintained  between  60  and  70  percent 
of  the  builders'  rated  capacity. 

(2).     The  load  to  be  uniform  throughout  the  test. 

(■3).  A  steam  pressure  of  2  lb.  to  be  carried  on  the  heating 
system. 

U).     A  definite  charge  of  coal  to  be  supplied  at  each  firing. 

(5).     Each  test  to  be  of  approximately  8  hours'  duration. 

The  air  supply  was  taken  entirely  through  the  ash-pit  door. 
On  some  of  the  tests  it  might  have  been  advisable  to  continu- 
ously admit  a  part  of  the  air  used  for  combustion  over  the  fire 
through  the  furnace  door  or  it  might  have  been  possible  to  have 
increased  the  over-all  efficiency  of  the  boiler  by  admitting  air 

♦Professional  Paper  No.  48.  Part  III. 
Bullciin  2(U.    Preliminary  Report  on  Coal  Testinjr  Plant. 
Hulletin  -2'M.    Operations  of  Fuel  Testintr  Plant  in  lv)05. 
Hulletin  :m.     Report  U.  S.  Fuel  Testing  Plant.  1906-7. 
Hulletin  343.    Binders  for  Coal  Briquets. 
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over  the  fire  for  a  few  minutes  after  each  firing  by  cracking  the 
furnace  door;  however,  since  this  is  not  commercially  practicable, 
no  attempt  was  made  to  prove  or  disprove  the  statement. 

The  boiler  flues  were  blown  after  the  close  of  every  test,  so 
that  the  heat  developed  on  each  of  the  tests  had  an  equal  chance 
on  the  heating  surface  at  the  start  of  the  test;  however,  on  some 
of  the  trials  more  soot  was  formed  than  on  others,  which  made 
the  heating  surface  on  these  trials  much  less  effective  at  the  close 
of  the  test  than  at  the  start. 

The  standard  method  of  the  A.  S.  M.  E.  code  for  conducting 
boiler  trials  was  employed,  the  test  being  started  when  the  wood 
was  lighted.  As  soon  as  the  wood  was  burning  well,  about  25  lb. 
of  the  fuel  was  fired.  In  about  8  or  10  minutes,  the  remainder  of 
a  75-lb.  charge  of  fuel  was  fired. 

Observations  concerning  temperatures,  pressures,  drafts  and 
water  measurements  were  recorded  every  15  minutes. 

As  the  duration  of  the  trials  was  to  be  approximately  8  hours, 
just  enough  coal  was  put  on  the  fire  at  the  last  firing  to  keep  up 
5  pounds  steam  pressure  until  time  to  close  the  test. 

21.     Data  and  Results 

In  Table  18,  pages  102  to  108,  Appendix  C,  will  be  found  the 
principal  data  and  results  relative  to  these  tests. 

(/).  Soot — Table  11,  below,  shows  the  amount  and  charac- 
ter of  soot  found  on  flues  of  boilers  Di  and  D2  as  determined  and 
recorded  at  the  end  of  test.  Measurements  were  taken  in  the 
flues  of  the  boiler. 

TABLE  11 

Amount  and  Character  of  Soot  Formed  in  Flues 


Test 
No. 

Boiler 

136 

Dl 

137 

D2 

152 

Dl 

153 

D2 

154 

Dl 

155 

D2 

142 

Dl 

143 

U2 

141 

Dl 

145 

D2 

158 

Dl 

159 

D2 

Soot  Measurements 


Heavy:  1-16  inch  to  Vs  inch  thick 
Heavy;  1-16  inch  to  hi  inch  thick 
Ligrht  and  fluffy;  Yb  inch  thick. 
Light  and  fluffy;  %  inch  thick. 

Choked  draft  entirely  off. 
Heavy. 
Heavy. 
Heavy. 
Heavy. 
Very  little. 
Flaky;  M  inch  thick. 


Test 
No. 


140 
141 
146 
147 

148 
149 
138 
139 
156 
157 
150 
151 


Boiler 


Soot  Measurements 


Dl 
D2 
Dl 
D2 

Dl 
D2 
Dl 
D2 
Dl 
D2 
Dl 
D2 


Heavy;  %  inch  thick 

Heavy;  Ys  inch  to  Yi  inch  thiol.. 

Heavy:  large  amount. 

Largre    amount;    choked    draft 

entirely  off. 
1-16  inch  to  Ya  inch  thick. 
Heavy;  large  amount. 
Very  little- 
Very  little. 

Fine  and  heavy;  small  amount. 
Very  little. 
1-16  inch  thick  or  less. 
1-16  inch  thick  or  less. 
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Owing  to  the  fact  that  the  character  of  the  soot  was  so  vari- 
able, it  is  difficult  to  draw  any  conclusion  on  comparative  thick- 
ness of  soot.  The  above  table  shows  that  there  was  a  big  varia- 
tion in  the  amount  of  soot  formed.  It  is  noticeable  that  on  sev- 
eral of  the  tests  a  great  deal  of  soot  lodged  in  the  flues  and  in  a 
few  instances  the  flues  were  filled,  choking  the  draft  off  entirely. 
More  difficulty  was  experienced  with  soot  on  Boiler  D2  than  on  Di. 

(2).  Smoke — The  smoke  observations  for  the  tests  made  at 
the  Illinois  Engineering  Experiment  Station  are  not  reported 
owing  to  the  uncertainty  of  comparative  accuracy.  The  readings 
were  extremely  difficult  to  estimate,  due  largely  to  the  peculiar 
color  of  the  smoke.  Smoke  of  about  a  shade  between  Ringelmann 
No.  1  and  No.  2.  from  briquets  made  with  pitch  binder,  is  of  a  dirty 
yellowish  color  and  far  more  offensive  than  No.  4  smoke  from 
raw  or  washed  coal,  and  probably  would  be  of  about  the  same 
gravimetric  density  as  the  No.  4  smoke  from  coal.  On  all  briquet 
tests,  the  stack  smoked  badly  for  three-quarters  of  an  hour  after 
firing.  After  about  one  hour  after  firing  the  stack  was  almost 
clean,  remaining  so  until  another  charge  was  fired. 

22.     Equipment 

The  equipment  used  in  making  these  tests  consisted  of  the 
two  house-heating  boilers  installed  by  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois  and  designated  as 
boiler  Di  and  boiler  D2.  Except  for  a  few  minor  changes  in  re- 
gard to  the  type  or  arrangement  of  the  apparatus  used  in  making 
observations,  the  equipment  and  its  arrangement  are  the  same  as 
employed  when  making  the  48  tests  considered  in  Part  I  of  this 
bulletin.  Description  of  this  equipment  has  already  been  given 
and  will  be  found  upon  pages  45  to  53,  inclusive. 


APPENDIX  A 


66  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


APPENDIX    A 

23.      Tabulated  Results 

The  principal  data  and  calculated  results  of  the  48  tests  are 
given  in  Table  12,  on  pages  70  to  83.  The  column  heading  num- 
bers ranging  from  1  upon  page  70  to  73  upon  page  82,  correspond 
to  the  item  numbers  upon  a  final  report  sheet  which  was  worked 
up  for  each  test,  and  in  general  are  arranged  in  much  the  same 
order  as  corresponding  items  in  the  A.S.  M.E  code  for  boiler 
trials. 

The  first  three  columns  upon  each  page  of  Table  12  are  the 
same,  and  serve  as  a  guide  in  showing  the  connection  through- 
out the  different  pages.  These  columns  give  the  laboratory  test 
number,  the  boiler  operated  and  the  kind  of  fuel  used. 

Upon  page  70  are  given  the  date  upon  which  the  test  was 
made,  the  length  of  the  test  in  hours,  and  average  values  of 
steam  pressures,  drafts  and  temperatures.  The  average  steam 
pressures  are  in  no  case  recorded  closer  than  to  the  nearest  half 
pound.  The  manometer  on  the  receiver,  being  connected  to  give 
the  difference  in  pressure  between  the  two  sides  of  the  orifice, 
did  not  indicate  the  true  pressure  in  the  receiver.  The  pressure 
on  the  exhaust  side  of  the  orifice  plate  was,  however,  so  small 
as  not  to  make  the  average  pressure  higher  than  2  lb.  as  recorded 
above.  It  will  be  noted  that  in  one  test  the  average  pressure  in 
the  receiver  was  1.5  lb. 

The  draft  in  the  ashpit  was  taken  along  with  other  observa- 
tions at  regular  20  minute  intervals.  Owing  to  the  fact  that  at 
the  time  of  taking  such  observations  the  damper  to  the  ash-pit 
might  be  in  any  position  from  tightly  closed  to  wide  open,  an 
average  of  such  readings  would  be  of  little  or  no  value  and  has 
been  omitted  from  the  tabulated  results.  In  general  the  draft  in 
the  ash-pit  varied  from  practically  zero  when  the  ash  door  open- 
ing was  wide  open,  to  approximately  the  same  draft  as  existed 
over  the  fire  when  the  damper  was  closed.  A  record  of  the 
position  of  the  ash  door  damper  and  the  smoke  pipe  check  was 
kept  in  connection  with  the  observations  made  upon  drafts. 
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Pages  72  and  75  contain  information  relative  to  the  fuel. 
Items  20,  21  and  21.1  show  the  amount  of  moist  fuel  fired  while 
item  21.2  shows  the  same  as  corrected  on  account  of  the  residual 
fuel  drawn  at  the  end  of  the  test.  Items  23  and  23. 1  show  the 
amount  of  fuel  expressed  as  dry  or  moisture-free  fuel.  Item 
23.2  gives  the  amount  of  dry  fuel  actually  consumed,  further  cor- 
rection having  been  made  allowing  for  the  unburned  fuel  removed 
with  the  ash.  Items  24  and  25  exhibit  respectively  the  ash  and  re- 
sidual fuel  which  were  obtained  for  each  test.  Items  37  and  38, 
page  76  give  the  analyses  of  the  residual  fuel  as  divided  into  car- 
bon and  earthy  matter,  while  items  40  and  41  give  corresponding- 
information  relative  to  the  ash.  Items  45  and  46  give  the  calorific 
value  for  the  fuel  used  in  each  test  expressed  upon  both  a  dry 
fuel  and  upon  a  fuel  as  fired  basis.  Items  43  and  44  exhibit  the 
average  rate  of  combustion  maintained,  expressed  as  dry  fuel  per 
hour  and  as  dry  fuel  per  square  foot   of   grate  surface  per  hour. 

Upon  page  74  are  given  the  proximate  analyses  of  the  fuel 
for  each  test  with  the  items  expressed  in  per  cent  of  fuel  as  fired 
and  moisture- free  coal.  This  table  has  already  been  referred  to 
in  the  sections  concerning  fuel  and  methods. 

Page  78  presents  information  relative  to  the  water  evapo- 
rated. Item  47  gives  the  moisture  in  the  steam  as  determined  in 
the  receiver.  The  steam  from  the  boiler  to  the  receiver  was 
probably  dried  to  a  considerable  extent  in  passing  the  reducing 
valve  and  a  part  of  the  moisture  collected  in  the  receiver  is  due 
to  condensation  rather  than  entrained  moisture.  The  moisture 
as  here  recorded  is  not  a  measure  of  the  dryness  of  the  steam  as 
generated  by  the  boiler  at  boiler  pressure.  It  has,  however, 
been  used  in  the  calculations  for  determining  boiler  performance 
as  the  moisture  in  the  steam  when  reduced  to  receiver  pressure. 
It  will  be  noted  that  the  moisture  content  so  determined  is  com- 
paratively small  and  the  corresponding  corrections  of  little  ef- 
fect in  the  final  determinations  regarding  evaporative  perform- 
ance. Items  49,  50  and  52  give  the  amount  of  water  fed  to  the 
boiler,  the  same  corrected  for  quality  of  steam  to  give  the  amount 
evaporated  and  the  equivalent  evaporation  from  and  at  212°  P. 
Items  53  and  54  give  operating  conditions  with  reference  to  water 
evaporated,  showing  the  total  equivalent  evaporation  per  hour  and 
the  same  per  square  foot  of  heating-surface  per  hour.  Items  48 
and  51  are  factors  used  in  calculating  other  items  listed  on  the  table. 
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Upon  page  80  are  given  results  relative  to  the  load  carried. 
As  already  stated,  the  attempt  was  made  to  run  at  a  load  equal  to 
approximately  65  per  cent  of  the  boiler  rating.  An  examination 
of  the  per  cent  given  under  item  56  shows  that  the  highest  capac- 
ity recorded  for  any  test  was  71.25  per  cent  and  the  lowest  58.33 
per  cent,  the  remainder  of  the  values  ranging  between  these  two. 
Item  55  gives  the  load  expressed  in  square  feet  of  radiation 
served.  For  the  purpose  of  calculating  this  load  an  evaporation 
of  0.3  lb.  of  w^ater  from  and  at  212°  F.  was  considered  equivalent 
to  serving  one  square  foot  of  radiation  for  one  hour.  Table  8 
shows  that  of  the  external  boiler  surface  of  boiler  Di,  37.88  sq.ft. 
was  on  the  inner  side  in  contact  with  steam  and  water,  and  Table 
9  shows  that  103  27  sq.  ft.  of  the  surface  of  boiler  D2  was  under 
similar  conditions.  This  surface  could  be  considered  radiating 
surface  and  if  added  to  the  surface  served  as  shown  by  item  55 
would  increase  the  load  and  show  the  boiler  opei'atingat  a  some- 
what higher  capacity  than  is  shown  by  item  56,  which  is  based 
upon  evaporation  only,  without  regard  to  radiation  loss  from  the 
boiler.  Item  55 . 1  shows  the  load  carried  when  this  boiler  radi- 
ating surface  is  added  to  the  load  as  calculated  from  evaporative 
performance.  It  is  inserted  here  in  order  to  call  attention  to 
the  very  considerable  difference  which  such  an  assumption  would 
make,  but  is  not  otherwise  used  in  any  of  the  calculations  involv- 
ing capacity,  item  55  being  used  for  that  purpose.  It  was  not 
considered  advisable  to  make  use  of  item  55.1  owing  to  the  un- 
certainty as  to  how  closely  a  square  foot  of  the  boiler  radiating 
surface  might  be  considered  equivalent  to  a  square  foot  of  radi- 
ation as  defined  above,  and  especially  on  account  of  the  fact  that 
house-heating  boilers  in  service  may  not  be  lagged  and  their  ex- 
posed surface  is  rarely  considered  in  estimating  the  radiating 
surface  served.  In  case  the  boilers  under  consideration  were 
lagged  a  portion  only  of  the  heat  lost  by  radiation  could  have 
been  utilized  in  evaporating  water. 

Items  57  and  58  give  the  equivalent  evaporation  per  pound 
of  fuel.  Items  59  and  60  give  the  fuel  consumed  per  hour  per 
100  sq.   ft.  of  radiation,  expressed  in  fuel  as  fired  and  in  dry  fuel. 

Items  61  and  62,  page  82,  give  efficiencies  as  calculated  in  the 
usual  manner.  Item  61  gives  the  efficiency  wh»^n  only  the  boiler 
and  furnace  are  considered.     Item   62   gives  the  plant  efficiency, 
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that  is,  the  efficiency  of  the  boiler,  furnace  and  grate.  The 
same  grates  were  used  thoughout  and  the  efficiency  of  boiler  and 
furnace  without  grate  diifers  from  the  efficiency  with  grate  only 
on  account  of  the  unconsumed  fuel  which  passed  through  the 
grate.  The  grates  may  have  been  more  suitable  for  the  reten- 
tion of  some  of  the  fuels  than  of  others.  In  so  far  as  the  grate 
serves  as  a  part  of  the  furnace,  as  in  the  matter  of  air  supply, 
its  effect  is  of  course  included  in  both  efficiencies. 

Items  64  and  65  give  the  cost  of  serving  100  sq.  ft.  of  radia- 
tion and  of  evaporating  1000  lb.  of  water  from  and  at  212°  P. 
based  upon  an  assumed  fuel  cost  of  $1.00  per  ton  of  2000  lb. 

Items  70,  71,  72  and  73  give  a  number  of  the  conditions  which 
prevailed  with  respect  to  fire  conditions.  Item  70  (fuel  fired  at 
each  firing)  shows  that  75  and  105  lb.  of  fuel  constituted  the  firing 
charge  for  boilers  Di  and  D2,  respectively.  The  first  fire  of  each 
test,  however,  consisted  of  this  amount  of  fuel  and  a  sufficient 
weight  of  white  pine  kindling  to  ignite  it.  From  15  to  25  lb.  of 
kindling  were  used  in  this  manner  upon  each  test.  In  all  calcula- 
tions involving  fuel  this  kindling  was  allowed  for  on  the  basis  of 
1  lb.  of  wood  being  equivalent  to  0.4  lb.  of  the  fuel  employed. 

In  calculating  item  72  (average  interval  between  times  in 
shaking  and  raking)  each  firing  was  considered  as  a  time  of  shak- 
ing and  raking,  whether  the  fire  was  touched  or  not,  other  than 
to  put  on  fresh  fuel,  also  poking,  leveling,  or  other  working  of 
the  fire  was  so  considered.  Where  the  average  interval  between 
times  of  shaking  and  raking  is  the  same  as  the  average  interval 
between  firings  (item  71)  the  fire  was  not  touched  between  firings 
throughout  the  test. 


70 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


H 

< 

W 

Q 

<3 

,^ 

g 

^ 

^, 

s 

h^ 

^ 

{/J 

> 

o 

H 

^ 

■< 

M 

hj 

S: 

I— ( 

u 

ft< 

s 

o 

« 

>^ 

0^ 

H 

P5 

§ 

w 

H 
>- 

H 

^ 

!2; 

rf) 

^ 

H 

^ 

c« 

o 

1! 

< 

pj 
H 

H 
03 

f-] 

H 

O 

.^ 

(v; 

S5 

a 

H 
-< 

H 

w 

w 

r»? 

M 

5^ 

r/) 

D 

CJ 

r> 

u 

W 

a 

(M 

o 

T— 1 

5?; 

W 

W 

hJ 

pq 

< 

H 

SBO  ani^ 

^ 

E 

Si 

ja?T!AA   P99^ 

2 

<!  <u 

S 

UTOOH  JSIPa 

kO 

53      aai^jaAO 

Po 

'     w 

a           ani^ 

N 

a> 

&H 

o 

bB 

2 

jaAiaoaa 

^ 

> 

fil7^ 

< 

ca  tie 
a;  c3  3 

^iia 

aaiioa 

^ 

(sjnoq) 

%s 

aj,  JO  aotiBjna 

1 

9> 

e3 

Q 

1 

« 

9 

e^ 

o 

■o 

a 

W 

aaiioe 

J 

9QUin>J 

isoj, 

O000I-XXt>QO3O 


ooao3oao?oo6XC:oct-xC5Xt~xocxocx 


, r-iOO< 


J2!2M2J2^2l^2i2'^'^'^32**^^^**°'**'^'"^"*'2''' 


OOOOOOOiftOOOOOOOOOOOOOOOOOOO 


ou^oooioomO'OininmooOLcmomcoc.oooio 


iccxi^coo^-mwoiftXOsict^e'icD^  —  •^ifs-r'J- 


i^^Mt-^N  i^^NN— " 


s5  w^  t:i« 


»n 


>«. 


^■^ 

^i:« 


(N  C5X  — 


co25xs:s;xi-t-t-t-t-t-t-S*  —  oxt-oxxxobocft 

^  —  ^  —  —  ^— .^^^ ^  —  —  ^  —  MM  —  «pj  —  ^  —  Si  —  ^  — 


SNODGRASS— FUEL  TESTS— HOUSE-HEATING    BOILERS         71 


mSio—ico— '(Mi-c»(N-*oot-iO>C'«<eocD  —  '-'00 


S88S8§§8S8SS88S§SS8S8 


co05ooooCTnoi^0505"n»ftQoeocDecoooo4oot^tt> 

ooococ«-<»<oO'^eowec>-»-i'-'Oo-'*irO'-iT-i,-i 


ooooooooooosooooooooo 


inecincotOTPooio— it^t^iocoO'-ioi-'j'-rtiiooo 


=3 


-^ 


ci^ 


^W5C;(iOOCOjOj^^O*t 


t^S;:;^^ 


»-5SS'-S'-;*-5>-5'-5^l-;>-5'-5l-5>-S>-5l-s<  1-5  I-3  ' 


t-torcic  —  t^-*(MoocDTfWJ-->ncc-^co05(N-^0 


72 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


H 

_^ 

«j 

-^ 

>w 

H 

5! 

Q 

S 

< 

ft 

a 

Ui 

1 

1^ 

1 

M 

< 

& 

^ 

N 

< 

Ei^ 

tf 

>!d 

H 

., 

< 

C/J 

H 

o 

:zi 

^, 

M 

M 

rn 

h-l 

1^ 

t-^ 

Ph 

t-H 

05 

§ 

>^ 

n 

H 

^ 

(/) 

^ 

tf 
H 

C/J 

> 

H 

!?i 

H 

P 

fH 

^ 

!?^ 

^ 

n 

M 

s 

H 

M 

«fl 

o 

H 

w 

CC 

CD 

1 

S 

g 

W 

frf 

w 

y 

w 

g 

W 

o 

0 

W 

125 

DJ 

<M 

U 

M 

^ 

Iz; 

J 

o 

CQ 

^ 

<1W 

H 

(spnnod) 
p9Aoai8H  lan^  i-enpisan 

(spunod)  qid  qsy  uioa^ 

(qsv 

ui  uoqj'BD  JO^ 

paibajjoQ)  parans 

ian^TBnpis9H 

P8JI^  TB^Oi 

1^ 

jo^  P9:io9jjoo 

pooAV  snia  1^00 

1 

1 

ITJOO 

i 

1 

PooAi 

1 

Kind  of  Fuel 

j9iioa 

laqcanN  ^saj, 

^ 


C.Oi-';iCOC;OOOOOirt.r^OOi.'t>rt..-OOC.C!OCCQO 

i«  irt  I-  (Nin  o  o  o  o  o  o  t-  ffi  o  in  t^  c-u-  L-  o  o  c  o  irt  o  o  lO 

00  d  <^^  lO  o  o  —  --^  d  M  CO  o  00  r-^  t-  irt  «c  c»  —  d  91  cc  r:  si  «d  -ri  ^ 
I-  03  o  ^  o  -f  (?<  (M  ci  M  cc  »i  sj  c-i  M  CO  CO  -r  -IT  -^  Lf^  •-':  •-1  TT  ei  r;  -»< 

ifs  i.o  lo  I/;  o  o  o  ift  i.o  m  o  o  o  o  o  o  o  c  i«  ic  o  o  o  i!^  ic  o  c 
<M  t-  IN  1--  o  o  o  t^  ej  w  ift  in  1.0  i«  o  lo  o  o  i>- 1^  m  c.  c  ©»  t~  cj  irt 

—  -^o-^oir^Tft^cooo  —  -rco  —  d-^^td  —  s-uodx'x^  o-r 
i-Hiri-^i-ico-'C'-i^ecMeo-wi      —  —  ^eo«-^  — ^  — ^ir:      —  cf 


i«003O  —  xoLO«;i-t^xo<3s-fTj.i~cct-tci~Xincccxo 
!  CO  T»'  w  ■'T  m  c»  CO  1.0  Ti  CO  »o  S'i  —  CO  ro  -r  lO  ci  M  CO  CO  o  t.o  c»  11  "O 


ffj  CO  ic  c-J  TT  CO  CI  CO  lO  5»  ?5  «3  '^s  ?i  (o  CO  -r  lO  s-i  «  ?t  eo  iO  lO  (M  TJ  m 


■*  CO  in  --t  t-  CD  ;o  CO  -^  t-  OS  uo  05  o  lO  1.0  —  t-  —  —  o  ■«•  J-  ?>  X  ffi  :c 

r-i»<X  — c«l-Ci  —  '-'M  —  —  COCOCCOOO  —  —  C:OClC5» 

w  •«»<  lo  re  i.o  1--  iM  CO  kc  CO  ■<i'  CO  w  w  CO  CO  i-O  i-O  CO  CO  •<»'  -^  ifi  eo  fi  CO  lO 


—  --COlO<Mi-!^05i.OCOCC  —  t-«D;CTfCC023t~ffl  —  coweo  —  >.o 

(^lo^co(^liftcO"Oc;oc::.'^^^  —  ocD-— X3;c:o;c:o-"  —  Si" 

CJ  CO  Ift  ©1  T}<  CD  C-J  CO  m  CO  ■>»>  CC  0»  ffj  CO  CO  lO  l.O  T»  (M  CO  •^r  CO  CO  C»  M  lO 


iooot~r-t-  —  —  cDcoxxcocoeocoeoxiftiooooocoxco 

XCD—  MCO-^COXOM^MCOCOCOXXCO  OC'JC^COCO'r'^COOCO 
S-{  T}.  CD  CO  lO  t~  (N  CO  CO  CO  T}"  CD  IN  W  CO  CO  1.0  CD  CO  eO  'S"  ■<}.  CD  CD  (N  CO  >c 


iTticoeoint-(NcocoeOTrcDwe'Jcooo».o:oeoeo-vTt<cD®»Jeom 


(N  (N  ©1  CO  CO  CO  ' 


:Q 


(NcDcDcot-t-e»-^cDeo»rtt-»c»oco--£i^o-;i£cSNJr>2Si 

cowxcDcDXt^f-i~t--i-t^t-Sao  —  oxt~ox»xcoaa 


SNODGRASS — FUEL   TESTS — HOUSE-HEATING   BOILERS 


iM  iJ5  s>5  in  o  oi  o  lo  io  o  i-  t-  S 

l288i2i^SJ?S 

^^^^^^^^,^^Z^^:^^:^?^^Si^^ 

S8SI2g5^j«8Si58^i2 

^^^8g88S^1 

2Sgj2:s^?;§S5;5SS??? 

5S^S5?^§^g 

C5  O  O  —  lO  30  XI  TO  CO  33  iC  1~  iC  ■»r  05  05  05  1--  CO  *> 

^;  CO  w  -^  ic  s>j  ■^  o  !?(  Tj"  CO  w  lO  t~  ^  CO  >n  w  •«<  t- 


-^(>»»-irjoi^ira'«>-^co^oO'— 30CDcoo5i-cr-co5 

WMCC— eCCDOOOt-Xit-Oit- 


«-<fco<N-^»ccoiot-wmi^eocoQO'M-^coooif:3D 


looocoocooiomiftoocoocinoooooccoioioc 
c5  ro  -^  CO  ic  o  IN  CO  TT  o  CO  m  c-j  TT  lO  CO  ir:;  00  <N  CO  1-1 
eoTfieowTCOcoiot'-comt^cocoaos-J-TCDcoiooo 


eo-TCO(NTT<cocoioi^coinj-coco3D'M-^coeooao 


:Q   :   :Q 


.Q 


:Q   ; 


lO  —  t-  ^  *!  00  1 


>  ^  w  ?^  >o  CO  —  CO  05  •ri  -^  o 

)^-—  ^1— I'—  —  rOCOCOCOCOCO-^-^CO-^Tt<Tt> 


74 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


fH 

•V 

< 

^ 

H 

s 

Q 

< 

^ 

g 

C^ 

f/T 

1 

J 

<\ 

< 

Kl 

« 

> 

^ 

5 

S2 

H 

o 

^ 

!z; 

H-l 

H 

J 

tf 

1— ( 

U 
(^ 

o 

>H 

S 

H 

h 

CO 

^ 

g 

(/} 

> 

H 

?^ 

'd 

t^ 

H 

^ 

% 

« 

o 

K 

^T 

H 

-< 

5 

H 

m 

M 

r*^ 

H 

!J5 

;< 

w 

H 

% 

« 

a 

» 

H 

pu 

X 

D 

W 

O 

0 

^ 

^ 

Ph 

r-H 

H 

W 

5^ 

hJ 

CQ 

5^ 

< 

w 

c^ 

jnqdins 

qsv 

V 

' 

s 

u 

Q 

a[iaBiOA 

^ 

a 

0) 

noqjBO 

0) 

paxi^ 

o. 

M 

CO 

d 

jnqdins 

a 

< 

a 

a 

^sy 

M 

2 

■^ 

s 

fa 

d 

ajnisio]^ 

c 

3 
fa 

Qin^IOA 

noqiT?o 

1 

paxi^ 

fl) 

S 

fa 

1 

o 

•d 

1 

a 

« 

aaiioe 

qmn 

K  isaj. 

ss 


ws\tC'i(Ne<»5^irtir:i 


—  oo  — oo; 


t,  f,  .q,  £,  J^  ..J,   ( 


J-  'M  :s  iS  -^  ffi  O  ^  i'l  M  X  «>> 
■T  ?!  C:  S5  «0  S:  X  5  »<  u~  c:  Cl 

.o  w  (fi  CO  M  —  *j  i.'7  —  9»  e» 


1-  t-  C5  1~  t-  St  « 


W-9'Tre*XXXXXX:^X:iWO:s5xS^:iewSS 


ss 

0.70 
1.55 
1.56 
0.70 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 

«s 

^^ 

d  —  — 

Sg5§ 

—  —  d 

CC 

odd 

—  —  -^  —  — '  —  in  in  in  >s 

inm 

cjJdcJx  —  oscidcJcJoJ 

s 

dad 

ecco 

ffi  ci  C  J- 

£g 

in  CD  I- 

^^ 

r-t"Vt^I~-«»<0505S5ClC53SlN«W-^'T'N!MrC! 


■  CI  -^  ^  w  c» 


O'rfino-^incDMW^CMS'Ji-':?-  —  oxcixi-—  ccixW'Mx 

eoinx«inxtcooMccrcccr:in^»ioi-ff<i'r:c?it'C;'T*<-^ 

^^^^d^^^^d^i^5!^;^:^;^o  —  xciwxddxeii.'jdxddin 
t^  t^  I-  I-  t-  i^  t-  I-  r-  t-  t~  i-  X  I-  X  X  I-  X  X  t-  X  X  X  i~  X  X  X 


SNODGRASS — FUEL   TESTS — HOUSE-HEATING   BOILERS 


75 


l->«CDQOOOOS(N0005CT>»OQO<35iOOOTt<OOT»«00 
0«D«OOCO^'-ieo>-"WiOi:D<NiOCDiC0005mcX)Oi 


I  CO  {-  CO  CD  t-  M  CD  t-  in  J-  I-  irt  t^ 
oo^oioiooJoiocooowMfooioooooQoo 


{^ 

ggJ::§^S 

§^S^2SS2g^§§r§ 

w 

00-«><CO^T*'CO-pTji 

n 

S5S3Sg^8 

^^8^ 

8S^SK?2*S?fS2 

g 

S^fS^KS 

OiMCO^ 

CD  CO  ^  CO  imo  ira  lO  »o  in 

s 

Sg^§5Sg 

g?SJ§8 

gJIggg^SSSSSS 

0030aOC005050005(N(M 

^(N«*i-ioir-ai05r-05 

«g^§8?;S2^8ig? 

lO  -<ti  t^  lo  lo  CO  ■^  m  CD  -^ 

_^_t,  CC500CD5D00500050— 'O'-'^O'-' 

RS2§^SS^§5^^S«5'i5S^!2SSgo 

C!  'M  W^  00  -f  t^  tX)  'i"  X)  00 

coeococococococo 

^^^^^^^^^^ 

Sg:i5SSS§gSgS;SJSSS^S^S§^5;8 

-J^?2?^$^^2?^^ 

;;^§?^oooooo 

Si 


)  CO  CO  CO  CO  e 


—  ^(NC<JWC<W(M(N(r<C>!W(NiN(MWWIN»*< 


76 


ILLINOIS    ENGINEERING   EXPERIMENT    STATION 


Q  -S 

<!  ^ 

in  I 

^  i 

^  < 

^  aa 

>  t) 


0 

Fh 

^2; 

^ 

H 

w 

!^ 

^ 

ad 

w 

a. 

m 

H 

t3 

c 

W 

ffi 

P 

22    03 


„ 

1          s 

pajx^  sv 

S 

1     .fe 

1 

1     3-a 

^§ 

'      «£ 

' 

1        S3 

-aa 

$ 

1        & 

■  i 

1 

aoBjjns  sa^JO 

33    1 

JO  -lA  -fts  -ladL 

!    %^n 

i     [^M 

>> 

1       Gg 

i 
1 

spanod 

5 

1 

i^'X'X^YL  ^q^a^a 

1 
i 
5J 

C 

^  d) 

<3^ 

1           <o 

a 

uoqaBO 

5 

« 

aan^I^'  ^H^lJ'Ba 

^ 

fee 

^  a 

sidua 
per  c 

\ 

1 

noqj'BO 

!    £; 

0) 

3 

fe 

■_, 

O 

-o 

a 

1 

! 

1              -lanoa 

i 

j^qinriN  isaj, 

Ci  c«5  C-:  3  «  cc  o  u'7  iri  .r7  m  •--:  e*  (31  o  irt  —  r:  ;s  n  =;  ~  r:  —  t-  I-  CD 
o  1--  as  «  t-  o  t-  t~  t-  I-  t-  t-  c  :c  Ti  =;  —  o:  X  ®  "M  irt  35  —  ec  eo  lO 

IN  M  ffj  W  5»  TJ  ■»»•  ^  -^  •V  •»»<  •^  *»  —  Cl  M  CJ  —  —  —  -M  ■?»  —  n  5>»  *»  5< 


csxcsoixoiinirtioirjirtiftiftccf. 

—  —  i~^  —  t-iCi^oir:idrtoS'io-9"xo_ 

Mff>  —  WM  —  oooc;oox?ox;:;ooxx-^xc:.xx:c«t- 


c<2  e<5  c<5  r;  re  «  1 


L.-^  IC  Irt  7M  CJ  W  ■ 


«  o  5^1  c  cj  o  X  ccri  • 
x-^xc-xx:c«i- 
Tt  -M  CJ  r:  •>»  ■>»  Tl  ?J  c> 


—  too-*'  —  -^lr;^5  —  CO  —  in-'is?5x<Me>>?-w-s'xx«o<»i 

M  —  Lo  —  oasoi-^os  —  c5»o  —  r-i-xoiXM  —  t-i3::o^5■ 


|  in  M  ■^  r:  uT  - 


05iNt^occa3i«o-*xo».'5  00i-'5c»:tofco  —  ■«'*»K!t-  —  r5o 
(Nt-oox-n<  —  (MW■TX■<r•Mc:oc^T^ffiirtl^»^<^xSxc3st-  — 
x  c» 


05  kO  (N  O  I-  (M  : 

'  c  lO  ri  05  ( 


;?5?5! 


in  -^  i-  m  r  J  o  irt 

in  «  c  m  o  C5  M 

'  d  X  C5  — 


CO  t-  X  X  x  cr.  «o  ix;  t-  «  X  X  ! 


OooOMnc-it^cs-^in-^iM  —  3;»nc»-^05'*oxinrtr?C5?^or; 
»r<  —  Oiooaoxs-icoxoooeoMOXo:  ino>i~-^-vx»nc»-^r::o 
oJcoT^«o>-<d^-r)irici;dKdccd  —  i'7  —  inc'Jr^in'NiriirtC-rc* 


Sg5S2J2 

t^ 

^ 

i28 

£Sj:S  = 

S 

^8 

g??tgE:5: 

t^ 

In 

':2 

I'? 

^gg^? 

S 

S 

S 

^.^ 

gS^§?s 

•<»> 

?§:s 

Ir?S 

:^5:g 

■<r 

Ji 

in 

?? 

||^§2*^S?BSB?ilSi^'Si*^§i^ii 


SNODGRASS— FUEL   TESTS— HOUSE-HEATING    BOILERS 


>o  oc  o>  ■—  i~  ■*  cc  I-  Tt<  lO  t^  o:  "^  I-  05  *t  5>>  —  o  ei  ^ 

WWWWWIMMC^IS^  —  —  O--  —  O  —  —  —  —  —  — 


•C(NiOt-t^O5(N»-OS(MCD(M«>J«D(N0O  —  O500  —  C35 

t»  (N  -r  M  O  t-  CT>  O  i-  —  O  30  •-  C  X;  t~  m  <-  J-  ift  I- 
OOOt-Ct'N  ~O(MOC0IN(NC0'MWCK(M30C0(N00 


t«  '^  CO  lO  »o  Irt  ■ 


.jDco^Dirtininoiftifsioio-* 


'  o3  U3  i:-  ■ 
I  in  —  o  ( 


•OTt"»»CD'->OlCCCOOD<— OCCCiCOOSt-Tf-^  —  T^ 

coO'-cCvS^^n— C5cc-<j'05i-Ci:cooMin^ 

i-  t-  ^  i-  O  00  «  OC  X  I-  00  00  «3  t-  QC  J-  X  ao  I-  t-  oc 


•O  0>  05  00  «3  CO  X  • 


'(M050t-r^t---Hco«Dcoa305 

iC;C>?OC;(NO«D0505t--Tt<X 


'C005  —  ox  —  ir>(M(MOOCO?-lrt  —  co^x 


^Dt^i-oosinot-  —  cno(MXJ^in-«*'XCTJ02ifs  —  X 

-<»<-<?<irt-T";Ou'5CO'*i05D«DCOirt«OI--Oif:«OTt<CD-^ 


:Q 


v-«Dcoi.'5i-it--«*<c^xco-*(Mr-»fteO'^coo5(N-*o 
Q0J03  —  —  —  .—  —  —  cocoeoeoeocoTf-^eo-^-*-^ 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


^ 

_, 

<  '^ 

w 

Q 

S 

-< 

^ 

o 

o 

en 

iJ 

1 

H 

-*{ 

P 

!^ 

^ 

-«J 

M 

H 

;< 

CO 

a:  "rj 

»5    O 


:z; 

H 

H 

W 

< 

S 

n 

Qi 

w 

Pk 

o 

.^ 

W 

2 

^ 

(M 

a 

m 

^ 

H 

tJ 

iz; 

CQ 

C5 

<1 

r  1 

H  W 


uoiaBJOci'BAa  JO  joao'B^^; 


QuaiBAinfta 


joj  p9:joajjoo 


joitoa  05  p9^ 


mBais  JO  .tiii'BnC) 
Suiioaaaoo  joj  joiob^ 


aaijoa 


jaqranM  ^sax 


;  ro  eo  ffl  w  (N  ! 


—  ^ff*w  —  —  — i  —  ^e-iM^  —  —  —  ■ 


•2  OOOOOOOOOCOOOC^OOOOOOOOOCOOO 


ooocoirt  ox   ■ 


■>*>  X  o  < 


X«m«CWCCO-r~5C»WC5  —  1 


:^§ 


I  CO  —  CO  o  ■ 


'  irt  o  in  ■<»<  -"T  -^  ■<»>  'J-  CO  ;c  —  . . . .  w  »-.  *^  I-  w  i-. 


;ox»ooc:X!-r:-«> 

rcr50wxt-;c;«0 


^      I        ccciMcD' '-:cwu'^i.';s'jt-05t-xo»o«c:r?c;c5^  — r:r. 


05xxt-cJOMOfcoa>  —  r--«»<-«ocoxr-t-t--rw 

•>*  —  ®  t^  CC  «D  I'l  :D  CO  J      "" " "         


xo  C35  —  r:  •^  X  Oirt'     . 


W'rXt^-»j<XC»c<i.'5t-eCc:  — 

^  —  Cicc-r OOOrc  —  ffio 

OlOSXOCiCT.  CSCT.  030>OiC2C5C 
C30JO>C:00:CJ05C5C5CJ! 


__    -   ^ .    -OSJCOXCC  —  -"rtCrCvO 

ooocios-iMciiMr;  —  ooos 

^.  c;  c;  c;  X  <»  c;  c;  c:  c:  CI  c:  r.  cs  00 


oo^coo^  —  — ooo  — o oooooc 


'  kO  cc  e*  t^  i.-;  w 


1  M  —  ff»  0»  P         .  - 

I  —  0«t-OXXaOOC5060S 


SNODGRASS — FUEL   TESTS — HOUSE-HEATING   BOILERS 


79 


lO  00  t-  i^  in  lo  lO  00  00  CD 
wwweoMeowwweoMcowc^wooeccowwN 


o»^oo(S«ffOi£)»no 

OSQOOiOiOiOO^ 


ON  t^OiOOS  — I 


1 1^  l^  t-  f-  -f  -^ 


'  CO  -rp  aH~  t^  t^  to  !D  -^  -^  • 


'OOOOOOOOOOOOOOOOOOOO 


cwec-<e<3Tt<-^e<eO' 


I  CO  -^  —  ««  CO  1 


C0t-0000(35U70D«OI_  —  w.  ■»      —    ^ ■      _ 

-^T— SOOJlOlOOi— 't^-^lf5^-t-C<«DIN-^t^00' 

weo-'f^wco^co-^'-iiMcO'^cOTri-HiNeC'-ieOTti 


'OOOOOOOi-iOOOO 


^5  ic -^  t~  Tt<  (N  00  ( 


?»  ^  T-H   N   C> 


I  ^  ro  ■*  -^  -^ 

!  r»  c<  (M  N  *« 


80 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


H 

^_ 

< 

^ 

W 

-^ 

ft 

s 

< 

^ 

% 

^ 

c/} 

o 

1 

U 

£ 

< 

< 

w 

w 

> 

« 

H 

tD 

<; 

H 

c/] 

on  2 


g 

> 

!? 
D 

C3 

55 

W 

o 

^ 

H 

o 

<J 

cq 

& 

0 

55 

fH 

y 

<3 

^ 

M 

Ri 

^ 

W 

W 

p^ 

C/3 

M 

o 

W 

g 

d 

M 

I— ( 

H 

H 

a 

Ji 

^St 

u            1 

0      : 

^ai 

5t^  bt 

! 

^s.s 

•o 

1    ^ 

3 

t-l 

tf 

1     ^^ 

< 

1     -2  = 

o^ 

ote-o 

3  fl 

c 

^i!  c 

fe  " 

o 

eS-a  3 

o 

>  C  o 

>-.  S2 

y 

WC3§. 

OS 

1 

aioJ 

1 

gSa 

1 

li^' 

.1 

i 

(inso  J8d) 

1     p^<i 

oiaAsa  AatoBd'BO 

P91t 

?H  JO  8:3Bciuaoj8d. 

aaixoe  JO 

aoBjans  Sun^TP^H 

-C 

snirt  90i3jans  Sai 

oV. 

-IBipwH  JO  5^  "tJS 

fl  ^ 

e8  =3 

So 

1^ 

ao'Rjjns  Saj 

-aBipBH  JO  i^  •!>§ 

1 

1 

V 

s 

fe 

<t-l 

o 

-a 

a 

W 

jaiioe 

J^qu^n^ 

[1881. 

'  irt  u-o  i~  -^  ci  o;  ( 


:-<r-<<-^cCMr:-T'»j>T«: 


>  00  I-  '"T  CO  1 

i  CO  eo  Ti^ -*  ■ 


to  1-  t-  t^  00 1 


H-  t~  t-  C5  OS  05  J-  J-  1-  ! 


!-t-3CXXXXXXXt- 


«•»  t-  X  CD  t-  —  -W  O  I-  »rt  -  -   -  -   . 

eo  cc  ^  w  X  o  X  OS  X  s-j  cc  t-  :o  o  1-  . 
5Dcoot-lr-o6oco'^ccxoo«>c»d! 


O  M  CO  —  M  o  : 

o  cc  u-:  o>  —  -«»" : 


<C  ift  irt  cc  eo  o  ^  (M  t~  —  i.t  ir;  —  o  ift  ro  ■ 

cO«OCOCO;DOO:C<£)05S«Ot-:005C< 


»  «0  to  «S  ®  ?D  O  < 


XlOlftSCOtOXX  — CCCCCiX—  X»0' 


O»^5-Ot-«OOMOt-OOCCOt-«Or0O«f-t-Ot-«t- 

ece^{r«xt-irao:o-*tcooi-C(r»0'-cct-f-xxocON^O 
-   "  -X)  t-  t-  lO  L-i  ir;  irt  ift  o  ®  ;0  1X5  to  CO  CO  ift  in  in 


^  o  in  S5  CD  to  • 


I     • 


:Q 


SNODGRASS— FUEI^   TESTS — HOUSE-HEATING   BOILERS 


HI 


X)ooco«ocDcDt-?ot~ioira»rt!OeD«D^eocDOt^t~ 


■ooooo< 

1  Tj<  o  o  coco  < 


CO  r- CO -^ -fl"  «o  00  o  —  CD  t~  u^  CO  o  OJ  to  in  m  {?<  1 
t^r-t-o»r5ior~«ooo»rsio "  " 


1 1- lo  »o  »n  00  00 1^ 


(co»oio»ft®t-t-»rtiftiftt-!>co»oir.  lot^t^cD 


Q  :  :Q  :  :Q  :  ;Q 


82 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


g  o 


c/i 

iz; 

t:^ 

Ph 

!2; 

H 

o 

3 

H 

o 

i^ 

m 

eg 

P 

H 

55 

-•J 

S 

H 

^ 

02 

M 

5? 


uoiiuaaav  mo 

-miA\  aanssajj  nnjais 

ajoui  JO  qi  z  auiaiBaai'BiM 

JO  iBAjaciai  raninixBH 

^ 

30151 TBH 

> 

pn-B  SaiJi'Etis 

S-- 

JO  saraij,  u88M.a8a 

ow 

11 

0/ 

ssnui^a  aaaM^ae 

< 

(spanod) 

:Suui^  qoua  -iB  p9Ji^  lan^ 

(81080)  -^oZlS 

42 

iu  pat?  mojj  jaiBAv 

JO  -qj  0001  Sun^a 

O 

-odBAa  JO  1S00 

"^t! 

s:i 

(asaj,  oo  pstajTio 

§ 

pi^OT  OT59IAI)  Jnoq 

jad  ao-Ejans  3ni%v. 

€« 

-ipiBHJoaj-bsooi 

aad  sioao  ni  ^soo 

lUXild 

II 

«    «H 

eg 

aoBoan^ 

poB  aaiioe 

"S 

3 

fe 

O 

•a 

c 

1 

.lonoH 

. 

aqoinM  isaj. 

eoooec-<j>ec-<»>  — (N"C«c«5w^ooeoec( 


!  «  CC  C^  I<5  M  -V 


m  lO  ift  m  in  irt  lo  ift  ko  m  ic  ift  lO  m  in  irt  irt  irt  ifs  1/5  lO  If;  lo  ift  irt  irt  lO 


t^  I-  I-  o  o  o  t- 1-  t-  o  o  o  t-  t- 


•  r~  t-  I-  o  o  c  c;  o  o  t-  I-  t^ 


5;SSSJ3S;;:Si5fSRS5:^g8S 

8g5¥S2:5:i5§il? 

t-i-t-tt)t050t-t-t'«)iftict-t-r-toi-»co®«oco«D«o«>«>« 

2*2222222 

SSgSiS?5^2gg£5J5SHS^2 

g?5*:^§§^S^ 

^SS:gg55i?^?-SfnSl^S5SJggS§5S£SSSS 

:Q 


SNODGRASS — FUEL   TESTS — HOUSE- HEATING   BOILERS         83 


:C«CCMOO(N(NN*»IM(M(NM*1WCOCO 


>coooooGor-i-i^o»a»05oo05ooo>ooocoo3oro 


.-■in-Hcoaoco30t-co^t^o-<»<ioeo  — —  eoe^Mco 


e*  o«  -"f  -"T  > 


'Ttl-*  lOlClrt 


«     .     .  — ■ 


'-M(^^e^(^^»^w■^>'M5>l(^«w^«'^J'^«(^»(^^l^*c^ 


84 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


"■ 

~ 

~ 

^ 

~ 

"T" 

1" 

c, 

- 

" 

" 

~ 

"* 

T 

""  ■■ 

—\ 

"■ 

"" 

^ 

(Ij 

1 

V 

i 

1 

y 

^"T 

\ 

f 

r 

nj 

\ 

3 

^ 

I 

r 

R 

"*  2 

> 

r 

T 

/^ 

^  ^ 

^ 

k 

\ 

h: 

c/ 

(?2 

\ 

[ 

1 

H 

\  AT 

V, 

\ 

\ 

(M 

s^ 

^ 

r  ^ 

I 

1 

c  ' 

\ 

■ 

^^' 

^^ 

V^ 

c 

" 

I 

J. 

^  ^ , 

.■^ 

*" 

y 

^■^ 

' 

L 

/ 

q. 

5 

" 

^ 

I 

^ 

^ 

^ 

. 

^     ^ 

> 

1 

] 

«5 

jCt 

V 

1 

i: 

Q 

^^T 

/ 

'X       - 

'_J_ 

^ 

V 

A 

Jl 

:j 

\    ' 

w 

ri 

ir 

U^ 

II 

^ 

V        - 

>« 

r^ 

/? 

Ui 

a^ 

\ 

-  X 

^ 

■*• 

>     > 

^N 

\ 

x 

'i 

Vf 

1 

? 

V 

\ 

vv 

V 

> 

, 

jr 

} 

_T 

^ 

n 

\ 

-  ^     " 

i 

V 

>x 

Cl 

^ 

-  -z\     : 

J" 

K. 

V 

o 

>o 

,  / 

>' 

"/'^ 

h  ^ 

I 

k 

V- 

'  s 

'^ 

^' 

:5 

f 

\ 

^L 

^ 

„« 

_ 

—J 

'  >^ 

r^ 

k 

^\  -. 

-— 

-. 

__ 

V 

V 

% 

X 

^v — 

H 

V 

or 

/ 

*;A^ 

_^l 

ij  2 

5- 

Vfc 

o 

's 

. 

^  J 

^\ 

-     --0  -- 

y 

>i" 

V 

S        -^T 

'■ 

?K__^i._ 

^ 

3 

k 

^     S\" 

t' 

h^ 

t^ 

^t   -a 

J 

lvt-4- 

^ 

r> 

^ 

"^x    X 

rn 

-* 

C)> 

i  n. 

""-s 

>3 

~*^ 

' 

[X 

'^ 

\ 

~\ 

Cj 

/ 

^ 

A-" 

.. 

y 

3i 

- 

jC 

k 

^' 

7  i 

P 

y 

V        , 



_ 



_ 

pO 

/ 

__ 

^? 

^ 

_ 

^ 

_ 

_ 

_ 

_ 

_ 

_ 

_ 

1 

- 

- 

DC 

- 

::; 

-- 

-^ 

'        - 

^ 

- 

- 

^ 

- 

Tl 

•^ 

"" 

- 

- 

S<^ 

■- 

■4 

b~ 

l 

P" 

S    'q    s    5    c. 

\i3iyM    JO   SBHOhJj  Ml    XJt/yQ 

%    §    § 

,.            T,             <\J 

rAjnod  A//  -r 

1 

1  1  i  S  g  1  1 

(J  03ct)  jyoii/yjdtvjj  jnij 

1       1       §       1       1       ^       1       ^       ^       ^       §       i 

o 
o 

-U» 

ce 

O) 

^ 

a> 

a; 

t: 

, — ^ 

o 

r. 

' 

p. 

J 

- 

< 

o 

1  ~> 

u 

rt 

s 

Q 

H 

4J 

X 

O 

a; 

< 

t. 

a 

"^ 

M 

:c 

H 

^ 

<5 

OJ 

1 

o: 

Q 

^ 
% 

fcj 

3 

o 

CJ 

»— 1 

> 

■»-> 

CD 

rt 

CD 

*3 

C 

H 

(/J 

QJ 

U 

(^ 

H 

SJ 

;-i 

o 

El4 

g 

^ 

J 

(T 

J 

-< 

0) 

^ 

'-' 

^ 

0^ 

Q. 

< 

o 

a 

o 

00 

o 

b» 

SNODGRASS — FUEL   TESTS — HOUSE-HEATING    BOILERS 


85 


1                                    1 

K            i>         o                    -J^''            4 

2                 t.      i            ju 

5                               ^                     T^i      t                            d                                                                       '^ 

r                        \           J^    r                      ^ . 

\                       ^      C      \_                  _^ 

-*?               ^    ^  i>         ^1            r           ^ 

\                                                     *       ^l^jf                              ^  Ss                                        \ 

>                       "^  'SiJ'  V             '»'  Jr                   I                 M 

<^                        jt^             ^             -      -1 

)                                                                          C          L  X                                          ^1                                                                                                       -- 

^                                     3C~                   '     \                                           ^ 

/                                ~»[^     r\                    tt^           ii 

<%1                                                  "^*rXIV                         ^                    k                          I                             «a 

{.  t"                                            H^                    uj     ^-''^                        k                       *^ 

t                                                          ^             6  S                      'S        1                                           1 

>                                            V/.n:/                                 \ 

/             •                                            ^  Id  *        >              ***  Ju                                       1l                          ''^ 

\        J{^                               ^"^        S.   L        5*^"**                         1 

^c    ^              ^_    ^^  j^  ^-L'^               X 

%    b             \    u      s^tdt               _         ^ 

%    ^                          it            ^^                         -z. 

1               &!                                          _  ^  *"       r                                  ktr                                              "11 

K         1^                        <           /                        \1                             p^  1 

5     ^                ^1*^              -   ^'                  ^ 

^^    ^                       t^'^^v    ^                 S?"                  ?1 

\  5                "^^5^  ^      -^a%-           ^V    -^ 

r*n~^                                             ^m""'^          ft:                     ^^  "^  t                ^                                                    I 

Ip^ci               -c;!5i^^_^_           ?^    --S               «+        ;>. 

>                                    ^               ^^k               ^-          ^S;                    ^^ 

2                         t    ^5    i"       ■     X       Zl^~             "       "^ 

s-                     '^   \^  -3-    ''^            2          -I  "^ft  k_ 

3^                 S     SS  *=       --^             ^«^^       t     CM 

^^                       ^    j^^"^                IS.               ?A         1 

^                     ^      i                    -5-       17^^^     4 

1                              ^v    Sr            r;^              J^^s.    ^       ^ 

3                            .         5^        ---|-                x^^      — - 

y^                           \    /^    -T     .^^          i         "^  ^    t 

<t                      d^  it  —    S                   ^"^  ^ 

C                    ^i,  ^->^         ^-^^               st 

%                           -.^      -                       E                lt_£- 

-6                                       -<^        ^     -+-                        *.           -                     ^!  - 

''>    ^ 

ar  rH 
O 

o 
o 


86 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


— 

- 

I 

~ 

~ 

— 

~ 

~ 

— 

~ 

r~| 

— 

— |— 

1 

-f 

\ 

^ 

1 

^ 

^^ 

> 

\ 

^ 

C* 

Xi 

V 

_  N 

■r 

^ 

O 

"^ 

1 

1 

V 

^v^ 

A 

' 

k 

1 

~" 

/( 

1 

[ 

s 

_  o 

>> 

f 

■^ 

L_ 

< 
> 

J 

^ 

5^ 

V 

L 

^ 

**" 

^ 

^ 

\ 

'1 

tit 

^ 

S 

\lc 

\ 

■  sS 

■i^ 

^ 

I 

m 

- 

i 

N 

■i-il; 

1 

) 

\ 

¥ 

1    _ 

1 

ffl? 

1 

r 

> 

) 

^ 

h5 

f 

o 

M 

1^£ 

j!* 

\ 

V- 

^ 

n:) 

"^T~ 

> 

^mI 

J_ 

O 

pq 

t 

; 

i,< 

i 

M     1 

% 

^U_ 

in 

1 

^ 

^ 

^ssi 

^r — 

1     * 

I 

Pn 

^ 

V 

5tt 

1 

1 

yi 

•- 

—  ■ 

ttT 

a' 

^ 

fil__ 

l« 

bi 

T 

yf 

^ 

V  1 

fts 

*^» 

4~ 

-  o 

\ 

t 

^ 

^ 

r 

^^ 

yj      1 

■\ 

L 

•^t 

r 

r^ 

.-• 

I 

ft 

^      1 

^ 

^ 

li^s 

Eh 

i"^ 

I 

»^j_ 

L 

1 

fyj 

-r 
c 

\ 

1 

o 

Jr 

^' 

rt^ 

' 

>> 

Al 

:tt 

r    X 

Cri 

j' 

^. 

3k 

' 

^ 

\n" 

"^  to 

c 

i 

r 

^ 

-1 

, 

1 

" 

S| 

j5 

\ 

1      -, 

a 

y 

Tm 

s 

4 

1 

Y 

c 

"^T 

]^ 

_ 

•^pH 

«. 

S 

o 

1    1 

° 

^ 

W 

\ 

i     \ 

1 

h3 

I 

^^ 

< 

. 

% 

hSi 

~ 

O 

i 

9^ 

(M 

rri 

r 

3r 

p^ 

i 

fi 

s 

~ 

< 

I 

(\ ! 

—  -\- 

r 

Ql 

p: 

~ 

-    i 

r  — 

o 

_ 

-^ 

1 

— 4 

T 

,  1 

-\ 

4t 

u 

J^ 

■* 

•^ 

■n 

> 

i-1 

V 

" 

H^o 

~ 

o 

!_ 

1  1 

L_ 

^ 

5       «0      ^0      >       <M       O 

§      §      §      § 
^     n     S     2 

1%%%% 

SNODGRASS — FUEL   TESTS — HOUSE-HEATING   BOILERS 


(-pl ] 

r 

3       ^  ^               ^             3 

I            \     l^                   i>           T 

\         \  \\>          -^       i 

\          5  \x            t          ^ 

-./.                 \J^l               \               I 

V              ^i            i             \ 

^^                        33^J                     ?                     JL 

5             4i±         ^^            jL 

2                             j^^                   ^s».                   jt 

^"-=»«                X                       ^-^^      I 

,«— -          ^  ±               ^^-^      \ 

^t                 3^^.-           ^*^^             - 

i              ^3tS       ^^ 

-c^^                               ^*.^?^V                  "^^v- 

V                              t     ^        >^           ^^                           t 

\               \x      5       ^                 J 

t                 i:^        s^                      :5 

-^^                       /               SS                      \ 

■**                                V            *                 ^"^-^                         'A. 

> '^                                           N          IV                     ^                /^                         -y| 

i    ''f>             ^  3^f^          -^''''              ° 

^    i             ""  ^^  ui    ^^S^            vt 

^    V             5  Si  ^    ,^"2  s           I.M 

?    V  i       »-  ^-^    ^-j    \           ^ 

1        i                         ^        ^     «        "i?            ^ir                     -^ 

-   |-.^>     -     -   i  -^-1     §^       -5, Si-       - 

--^^^^.--:==:"^^S  r  «-"---:^i^::::^4:  :: 

§    ^2^            ^&  t    ^i —  V       -^t 

,      ^>                              k:«=^^      ^          ^^                      5                  -?X 

^    ^s.                   ^^.^    >^*^       .    <^^             1;  fc>         -it 

c:    5                   S  !:'=     1  f          L.\A         3 

^                    S        ^t               "^i^ 

t                          M           '^l                      -?^?^         i- 

<i^                    33    ^--                    '^      t 

■^i                       0"^         =...-         ^tA      3 

ji  ^^               Y:^           ^* — ■-■        i^^L.  x 

^                >ife         _,^                 '"^N  i 

%t         i                     ''^^  A 

^                                   c-'-^^b                      ""^r                                           "^^V^ 

-<t                    2         ^^             ;^^                                5  \- 

S>-                                    ""-rv^                       ^                                                                       SV 

-<^              ^^^2^          ^.0                              ^ 

•k3J.(/M   JO    S3H0N/  Nl  J.jy\ia       '3iif>SS3k(£  l^VJUS           'SaNOO^  M  1VOJ 

U'j)  d.t^3±  jmj                       'SQNnod.  f^'  Noij.d\^n^NOo   h3J.\fM 

IT,  U 

o 

05 


^  ^ 


88  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

TABLE  13 

Flue  Gas  Analyses,  House-heating  Boiler  Trials  with 
Representative  Fuels* 


Kind  of  Fuel 


Test 
No. 


Lenerth 
of  Test 
(hours) 


C02 
per  cent 


02 
per  cent 


Average 


CO2 
per  cent 


02 
per  cent 


Boiler  Di 

Anthracite 

162 
186 
176 
199 
180 
201 
182 
197 
195 
215 
217 
234 

8.76 
23.15 
25.13 

9.57 
15.^3 
23.70 
26.23 
10.63 
15.17 

8.63 
23.48 
16.73 

3.6 
6.4 
3.5 
9.4 
3.7 
8.2 
6.0 
9.1 
8.3 
6.7 
6.8 
6.2 

14.6 
11.4 
16.2 
11.1 
16.0 
12.2 
13.5 
11  3 
12.0 
12.8 
12.8 
13.4 

5.0 
3.5 

6.8 

8.7 

6.8 
6.2 

13.0 

PnpaVinnta.s                                               .    ... 

16  2 

13.2 

Solvay  Coke 

11.7 

12.8 

Illinois  Macon  county 

13.4 

Boiler  D2 
Anthracite 

163 
167 
187 
175 
177 
179 
200 
185 
181 
183 
202 
209 
196 
214 
212 
218 
235 

8.00 
17.52 
26.00 
16.05 
25.93 
11.70 
11.85 
15.55 
14.92 
24.85 
24.17 
12.57 
16  33 

9.88 
15  58 
23.18 
16.03 

8  8 
9.9 
8.9 
76 
8.7 
9.3 
15.3 
14.4 
12.0 
11.7 
13.5 
14.3 
12.1 
10.4 
11  7 
5.1 
11.4 

10.7 
9.7 
9.6 

10.1 
9  3 
7.4 
4.4 
6.0 
6.7 
6.9 
6.3 
4.7 
7.3 
6.7 
4.5 

14.8 
5.9 

9.2 
8.2 

12.7 
13.2 

9.1 
11.4 

10.  • 

Pocahontas           

9.7 

Gas  House  Col<e 

Solvay  Coke 

6.1 
6.« 

Illinois   Williamson  county        

8.7 

5.9 

*See  "7.  Tabulated  Data  and  Results."  p. 
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TABLE  14 

Comparison  of  Flue  Gas  Analyses  Taken  at  Different  Times 

During  Test,  Boiler  D2,  House-heating  Boiler  Trials 

WITH  Representative  Fuels 


Fuel 


Time  of 
Starting 
Sample 


Lentrth 
of  Time 
of  Col- 
lecting' 
Sample 
(min.) 


When  Taken 


CO2 
per  cent 


02 
per  cent 


10:00  A.  M. 
11:00  A.M. 
12:00  M. 

20 
35 
45 

Just  after  2nd  firing 

7.2 
9.0 
8.4 
11.1 

9  6 

1  hour  after  2nd  firing 

10.0 

Anthracite 

2  hours  after  2nd  tiring 

10.4 

2:05  P.  M. 

60 

45  minutes  after  3rd  tiring 

7.9 

(Jas  House 
Coke 

9:45  A.  M. 
12:25  P.  M. 
2:I0P.  M. 
4:20  P.  M. 
5:10  P.M. 
6:00  P.  M. 

60 
60 
80 
20 
30 
60 

37  minutes  after  1st  firing 

15  minutes  after  2nd  firing 

2  hours  after  2nd  firing 

2  minutes  after  3rd  tiring 

52  minutes  after  3rd  firing 

1  hour  42  min.  after  3rd  firing 

14.0 
14.4 
14.8 
11  3 
16.5 
15.6 

5.7 
3.9 
5.3 
73 
3.6 
4.4 

9:15  A.  M. 
10:45  A.  M. 
10:00  A.  M. 
12:00  M. 

2:35  P.  M. 

4:30  P.  M. 

45 
30 
60 
60 
60 
40 

1  hour  after  1st  firing* 

15.1 
12.2 
13.8 
10.8 
13.2 
10.5 

4,1 

Solvay  Coke 

2  hours  30  min.  after  1st  firing  *  * 

47  minutes  after  1st  firing 

2nd  firing  at  12:45 

1  hour    50  min.  after  2nd  firing  . . 

3  hours  45  min.  after  2nd  firing. . . 

7.0 
5.6 
9.2 
4.6 
9.8 

Illinois. 

Williamson 

county 

9:25  A.  M.      :         30 
10:00  A.  M.              30 
11:52  A.M.               30 
12:30  P.  M.              30 

2:30  P.  M.               34 

30  minutes  after  1st  firingt 

65  minutes  after  1st  flringtt 

Just  after  2nd  firing 

40  minutes  after  2nd  firing 

1  hour  before  3rd  firing 

7.9 
9.7 
8.0 
12.4 
13.3 
11.4 

9.8 
8.1 
8.7 
4.6 
6.2 

3:35  P.  M. 

Just  after  3rd  firing 

2.8 

*  Fire  hot  and  thick.    **  Fire  thin,  with  several  holes. 

Both  of  the^e  samples  on  test  No.  207.    Other  four  coke  samples  on  test  No.  196. 
t  Fire  badly  caked,    tt  Fire  clear  and  bright. 


90 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


TABLE  15 

Smoke  Chart  Record,  House-heating  Boiler  Trials 
WITH  Representative  Fuels 


Maximum 

«    CO 

11 

o 

B^ 

Density 

H^ 

SB 

i 

of  Smoke 

,^^ 

SI 

III 

if 
ll 

6 

Kind  of  Fuel 

Test 
No. 

Color  or 

Condition  of 

Smoke 

Recorded 

^11 

fc<.^  o 

ll 

o 

a 

a 
a 
a 
B 

It 

a 
o 

if 
ill 

Oh 

!z; 

per 

per 

per 

^ 

cent 

cent 

cent 

Dl 
Dl 
D2 
D2 
Dl 
Dl 
D2 
D2 
Dl 

Dl 

D2 
Dl 
Dl 
Dl 
D2 
D2 
D2 
Dl 

Dl 
Dl 
D2 
D2 
D2 


Gas  House  Coke 

Solvay  Coke . 

Williamson  county. 

Illinois 

Macon  county,  Illinois 

"Vermilion  county, 

Illinois 


199 

3rd 

213 

Ist 

200 

3rd 

185 

3rd 

195 

1st 

192 

2d  &6  th 

196 

1st 

193 

1st 

211 

3rd 

217 

2nd 

214 

1st 

236 

2nd 

234 

2nd 

232 

2nd 

237 

2nd 

235 

2nd 

233 

2nd 

241 

3rd 

243 

4th 

239 

2nd 

242 

3rd 

214 

4th 

240 

20d     1 

Dense  Yellow 

Gray  Yellow 

Light  Gray 

Liy^ht  Yellow 

Light  Gray 

Yellow, black. gray 


40 
70 
60 

70 
40 
50  I 

60  ! 

60  ; 

60  1 

60 

50 

60  I 
70  ' 
60  ! 
50  I 


2 

2.5 

1 

2 

2.5 

0.5 

2.5 

3 

2 

3.5 

3 

3.5 

2 

2.5 

3 


50  1  50 
49  I  51 


3 

44 

3 

27 

3 

44 

2  5 

34 

3 

56 

3.5 

60 

3 

50 

2.5 

45 

56 
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TABLE  16     Tests  of  Fuel  in  House-heating  Boiler  at  St.  Louis* 


Designation  of  Fuel 

Description  of  Fuel 

3 

f 

P 

Average  Pressures 

a 

11 

S3 

Draft 
in.  of  water 

1 

CO 

Between 

Damprr  and 

Boiler 

Over  Fire 

1 

10 

11.1 

12    ,    13 

13.1 

45 

58 
59 
48 
39 
13 
52 
53 
54 
55 

,^ 

33 
34 
44 
43 

37 
36 

38 
10 
11 
1 
40 


23 
20 
2 
3 
4 
5 
28 
29 
30 
31 
46 
24 
25 
32 
15 
26 
27 
41 
42 
16 
17 
18 
19 
14 
47 


56 


50 


Arkansas  No.  13 

Illinois  No   1 

IllinoisNo.  7*. E. "!"... '.".".'.'! 

Illinois  No.  9C 

Illinois  No   12  BW 

Illinois  No.  19E 

Illinois  No.  29  A W. . ...... 

li.inois  No.  29  B 

Illinois  No.  31 

Illinois  No.  33 

Indiana  No.  IB. 

Indiana  No.  5  B 

Indiana  No.  OB 

Indian  Territory  No.2  B  W 
Indian  Territory  No.  2  B. 
Kansas  No-  2B 

Maryland  No.  2 

Missouri  No.  10 

Pennsylvania  No.  18 

Pennsylvania  No.  19  

Pennsylvania  No.  20 

Pennsylvania  No.  20  W. . . 
Pennsylvania  No.  22  

Pennsylvania  No.  i.5  (one 
half)  and  Rhode  Island 
No.  1  (one-half). 

Pennsylvania  No  18  (one- 
fourth)   and  Miscellan- 
eous No.9(three-fourths) 

Pennsylvania  No.  18  (one- 
half)  and  Rhode  Island 
No.  1  (one-half). 

Pennsylvania    No.    18 
(three-fourths)  and  Mis- 
cellan"ous  No.  9  (one- 
fourth). 

Pennsylvania  No  18  (one- 
half)  and  Miscellaneous 
No.  9  (one-half). 


Virginia  No.  5B. 


Briquets,  round.. . 
Coal,  run-of-mine . 


Briquets,  round. 


Briquet,  square,  slack 
Coal,  egg 


Briquets .  round 

Briquets,  round,  slack 
Briquets,  scjuare 


Briquets,  round. 


Briquets,  square 

Briquets,  square,  slack. 
Briquets,  round,  slack  . 


Briquets,  square. 
Briquets,  round. 


Coal,  run-of-mine 

Briquets,  round,  slack 


Briquets,  round.. 
Briquets,  square. 


Coal,  run-of-mine. 


Briquets,  round.. . 
Coal,  run-of-mine 
Briquets,  square. . 

Briquets,   round   . 


Briquets,  sciuare. 


Coal,  run-of-mine 
Briquets,   round.  . 


I 


8.33 

2.2 

14.39 

0.34 

0.07 

7.92 

1.9 

14.36 

.33 

.07 

8.00 

1.9 

14.45 

.36 

.05 

8  00 

1.7 

14.45 

.33 

.06 

8.30 

1.7 

14.54 

.36 

.07 

8.2.> 

3.8 

14.39 

.21 

.06 

7.80 

2.4 

14.56 

.31 

.03 

8.25 

2.3 

14.41 

.35 

.05 

8.06 

2.1 

14.30 

.32 

.03 

7.83 

1.3 

14.35 

.36 

.03 

7.88 

3.4 

14.46 

.24 

.10 

7.20 

2.2 

14.51 

.23 

.OK 

7.83 

2.7 

14.37 

.29 

.13 

8.08 

2.9 

14.34 

.28 

.10 

8.33 

1.8 

14.40 

.36 

.07 

7.83 

2.2 

14.34 

.32 

.08 

8.33 

2.4 

14.60 

.35 

.13 

8.41 

2.7 

14.26 

.34 

.13 

7.88 

2.8 

14.64 

.35 

.09 

7.92 

3.3 

14.59 

.25 

.12 

7.87 

4.3 

14.51 

.22 

.05 

8.00 

4.1 

14.46 

.22 

.05 

8.25 

2.5 

14.36 

.36 

.09 

8.00 

2.9 

14.65 

.28 

.12 

7.50 

3.2 

14.55 

.23 

.11 

8.00 

3.6 

14.51 

.23 

.11 

7.88 

2.2 

14.52 

.25 

.13 

7.66 

3.4 

14.68 

.24 

.04 

7.83 

3.1 

14.46 

.21 

.07 

7.82 

3.2 

14.54 

.25 

.08 

8.13 

2.0 

14.59 

.26 

.10 

8.00 

3.9 

14.37 

.18 

.09 

8.00 

4.6 

14.44 

.18 

.07 

7.70 

3.3 

14.51 

.22 

.11 

8.00 

3.4 

14.60 

.29 

.12 

8.13 

2.1 

14.40 

.36 

.03 

8.00 

3.0 

14.55 

.22 

.10 

8.00 

3.1 

14.41 

.22 

.13 

6.. 58 

3.6 

14.33 

.27 

.11 

7., 50 

3  4 

14.43 

.23 

.11 

8.00 

3.4 

14.48 

.23 

.12 

8.00 

3  3 

14.40 

.22 

.11 

7.81 

3.3 

14.30 

.32 

.07 

5.20 

2.9 

14  32 

.33 

.09 

7.83 

3.7 

14.46 

.22 

.11 

8.08 

3.5 

14.28 

.21 

.09 

8.00 

1.6 

14.36 

.23 

.09 

8.115 

2.4 

14.36 

.2;^ 

.12 

7.. 58 

3.8 

14.55 

.23 

.10 

8.23 

2.0 

14.51 

34 

.07 

8.16 

1.6 

14.38 

.34 

.04 

7.00 

22 

14.47 

.36 

.07 

5.66 

3.2 

14.31 

.29 

.10 

8.23 

3.0 

14.45 

.30 

.06 

7.83 

2.2 

14.40 

.34 

.07 

8.00 

2.5 

14.46 

.33 

.04 

8.00 

3.6 

14.46 

.24 

.12 

7.80 

4.8 

14.35 

.19 

.09 

0.04 
.03 
.03 
.03 
.(M 
.05 
.03 
.04 
.0* 
.02 
.06 
.07 
.10 

.oe 

.04 
.06 
.07 

.08 
.0« 

.04 
.03 
.06 
.09 
.10 
.10 
.09 
.OS 
.05 
.06 
.0» 
.08 
.06 
.It 
.10 
.01 
.09 

".(h 
.10 


.06 
.07 
.11 

.orr 

.08 


^See    15.  Data  and  Results."  p.  .58. 
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TABLE  16    Tests  of  Fuel  in   House-heating  Boiler  at 
St.   hovis— ( Continued) 


Average  Temperature  (°f) 

t  a  c 

'^^ 

=  ^ 

6 

< 
13 

a 
§ 

II 

.S  •-< 

o  o 

^1 

'  Fuel  F 
Fuel  E( 
Carbon 
pounds 

0)  D 

Designation  of  Fuel 

03 

1 

13 'S 

ii 

CD 

|2 

3 

Q^ 

IDrj 
Dry 
the 

Ash 

^1 

m 

1^ 

fe 

O  c  w 

o  c 

-si 

H^ 

14    15 

16     17 

21 

23 

23.2 

24 

Arkansas  No.  13. 
Illinois  No.  1-... 


Illinois  No.  7E.... 
Illinois  No.  9  C... 
Illinois  No.  12  BW. 
Illinois  No.  19 E... 


IllinoisNo.  29  AW, 
Illinois  No.  29  B.... 
IllinoisNo.  31 


IllinoisNo.  33 

Indiana  No.  IB 

Indiana  No.  5  B 

Indiana  No.  6  B   

Indian  Territory  No.  2  BW 
Indian  Territory  No.  2  B  . , 
Kansas  No.  2  B , 


Maryland  No.  2 


Missouri  No.  10'. 


Pennsylvania  No.  18. 


Pennsylvania  No.  19 — 

Pennsylvania  No.  20 

Pennsylvania  No.  20  W . 
Pennsylvania  No.  22 


Pennsylvania  No.  15  (one-half) 
and  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (one- 
fourth)and  Miscellaneous  No. 
9  (three-fourths) 


Pennsylvania  No,  18  (one-half) 
and  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (three- 
fourths)  and  Miscellaneous 
No.  9  (one-fourth) 

Pennsylvania  No.  18  (one-half) 
and  Miscellaneou2  No.  9  (one- 
half) 


Virginia  No.  5  B. 


45 


83 


79 


145 
121 
126 
141 
137 
143 
138 
128 
135 
122 
149 
147 
106 
101 
138 
146 
120 
103 
140 
150 
158 
145 
135 
150 
146 
143 
144 
151 
149 
139 
154 
140 
144 
146 
146 
133 
144 
145 
112 
142 
145 
HI 
146 
134 
141 
138 
140 
140 
144 


126 
125 


142 


140 
139 
157 
155 


710 
720 
650 
855 

600 
720 
635 
850 


570 
400 
795 
600 
815 
730 
715 


665 


550 
685 


675 


570 
620 


800 
730 


705 
.550 


630 
620 


777 

765 

854 

739 

874 

756 

965 

907 

871 

824 

666 

t)13 

817 

757 

927 

859 

811 

752 

764 

708 

750 

658 

735 

688 

813 

738 

836 

759 

968 

901 

974 

882 

1104 

1056 

929 

890 

815 

768 

736 

720 

737 

721 

667 

648 

800 

772 

652 

6-^S 

560 

540 

6.50 

626 

.520 

511 

1159 

1031 

769 

684 

819 

729 

1036 

922 

580 

537 

662 

604 

525 

500 

550 

524 

653 

636 

550 

539 

550 

530 

541 

532 

456 

447 

525 

493 

550 

516 

.594 

587 

388 

383 

550 

538 

538 

526 

553 

533 

551 

531 

492 

483 

652 

647 

644 

637 

652 

645 

489 

482 

648 

636 

646 

638 

651 

643 

712 

680 

613 

585 

731 

706 
728 
874 
789 
587 
727 
827 
725 
685 
648 
671 
725 
743 
880 
761 
1037 
868 
750 
686 
700 

743 
612 
534 
611 
502 
986 
651 
695 
898 
531 


516 
610 
527 
518 
527 
438 
484 
508 
577 
374 
520 
515 
503 
504 
459 


616 


606 
613 


475 


598 
639 
549 
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TABLE  16    Tests  of  Fuel  in  House-heating  Boiler  at 
St.  ho\jm—{Conti7iued) 


Proximate  Analysis  of 

Ultimate  Analysis 

Fuel  as  Fired 

of  Dry  Fuel 

per  cent 

per  cent 

1     -     i           ' 

6 

•r. 

Desij^nation  of  Fuel 

dCarbo 
ile  Matt 

.1 

< 

\ 

c 

2 
-a 

fl  ;  g 

3 
1 

5 

:^ 

Fixe 
Volat 

S 

o 

>> 

o    '    g 

m 

26 

27        28    1    29 

30 

31        32        33    1    34 

35 

Arkansas  No.  13. 
Illinois  No.  1 


Illinois  No.  7  B  — 
Illinois  No.  9C.... 
Illinois  No.  12  BW. 
Illinois  No.  19E... 


Illinois  No.  29  AW. 
Illinois  No.  29  B... 
Illinois  No.  31 


Illinois  No.  33 

Indiana  No  IB 

Indiana  No.  5  B 

Indiana  No.  6  B 

Indian  Territory  No-  2  BW. 
Indian  Territory  No.  2  B.. . . 
Kansas  No.  2  B 


Maryland  No.  2. 


Missouri  No  10. 


Pennsylvania  No.  18.. 


Pennsylvania  No.  19 

Pennsylvania  No-  20 

Pennsylvania  No.  20  W. 
Pennsylvania  No.  22 


Pennsylvania  No.  \h  (one 
half)  andEihode  Island  No, 
1  (one-half) 

Pennsylvania  No.  18  (one 
fourth)  and  Miscellaneous 
No.  9  (three-fourths). 


Penn'^ylvania  No.  18  (one- 
huif  I  and  Rhode  Island  No. 
1  (one-half) 

Pennsylvania  No.  18  (three- 
fourths)  and  Miscellaneous 
No.  9  (one-fourth) 

Pennsj'ivania  No.  18  (one- 
half)  and  Miscellaneous  No 
9  (one-half) 


Virtrinia  No.  5  B... 


68.30 

15.11 

,.« 

15.10 

75  05 

3.84 

1.81 

1.35 

1 
2.62  1 

41.39 

33.15 

13.49 

11.97 

64.88 

4.45 

10.71 

1.03 

5.09 

41.39 

33.15 

13.49 

11.97 

64  88 

4.45 

10.71 

1.03 

5.09 

40.34 

30.09 

6.06 

23.51 

59. 4« 

3.54 

5.70 

.83 

5.42 

47.63 

33.55 

5.43 

13.39 

68.44 

4.44 

8.30 

.94 

3.72 

49.47 

31.55 

7.93 

11.05 

71.14 

4.39 

8.90 

1.12 

2.45 

51.22 

31.00 

7.33 

10.45 

2.76 

51.22 

31.00 

7.33 

10.45 

2.76 

51.22 

31.00 

7.33 

10.45 

2.76 

51.22 

31.00 

7.33 

10  45 

2.76 

43.99 

37  16 

12.29 

6.56 

72.22 

4.92 

10.25 

1.07 

4.06 

1  44.21 

37.44 

6.42 

11.93 

67.10 

4.59 

10.30 

1.00 

4  26 

1  43.90 

33.03 

9.17 

13.90 

66.14 

4. 33 

8.93 

1.01 

4.29 

43.90 

33.03 

9.17 

13.90 

66.14 

4.. 33 

8.93 

1.01 

4.29 

42  85 

35.21 

6.98 

14.96 

66.75 

4.85 

7.33 

.93 

4.06 

40.75 

28.25 

9.47 

21.53 

60.07 

3.93 

9.47 

1.03 

1.72 

44.78 

36.21 

4.34 

14  67 

65.26 

4.58 

10.84 

1.20 

2.78 

48.91 

35.74 

4.20 

11.15 

70.47 

4.85 

7.. 53 

.94 

4.57 

43.16 

37.83 
35.86 

5.72 

13  29 

66.48 

4.76 

8.42 

1.07 

5.17 

54.51 

2.19 

7.44 

75.69 

4.84 

8.76 

1.53 

1..57 

!  51.31 

.34.60 

2.15 

11.94 

71.96 

4.56 

8.09 

1.45 

1.74 

46.78 

31.67 

2.78 

18.77 

66.00 

4.35 

4.90 

.96 

4.48 

47.58 

29.09 

3.47 

19. 86 

63.78 

4.01 

5.92 

1.03 

4.69 

68.. 54 

21.14 

3  63 

6.69 

82.41 

4.74 

3.40 

1.62 

.89 

68  54 

21.14 

3.63 

6.69 

82  4! 

4.74 

3.40 

1.62 

.89 

68.54 

21.14 

3.03 

6.69 

82.41 

4.74 

3.40 

1.62 

.89 

71.25 

18.69 

1.69 

8.37 

.92 

38.67 

32. 24 

11.03 

18  06 

4.18 

38.67 

32.24 

11.03 

18.06 

.... 

4.18 

3S .  67 

32. -24 

11.03 

18.06 

4.18 

38.67 

32.24 

11.03 

18.06 

4.18 

64.61 

19.45 

7.43 

8. 51 

80.80 

4.44 

2.88 

1.16 

1..53 

61.61 

19.45 

7.43 

8.51 

80.80 

4.44 

2.88 

1.16 

1..53 

69.14 

18. 43 

4.71 

7.72 

81.77 

4.40 

3.22 

1.26 

1.25 

63.14 

18.43 

4.71 

7.72 

81.77 

4.40 

3.22 

1.26 

1.25 

62.80 

24.23 

2.55 

10.42 

78.65 

4.36 

3.38 

.88 

2.04 

71.55 

16.71 

1.96 

9.8-.i 

1.91 

:  71.88 

16.46 

3.. 56 

8.10 

1.76  1 

1  55  24 

33. 50 

1.75 

9.51 

75.91 

4.52 

7.i6 

1.35 

1.38 

57.20 

31.71 

2.03 

9.06 

.... 

.... 

1.15 

;  64. 3H 

19.23 

6.16 

10.23 

78.13 

4.20 

2.83 

1.09 

2.85 

61  38 

19.23 

6.16 

10.23 

78.13 

4.20 

2.83 

1.09 

2.85 

67.74 

20.. 58 

1.23 

10.45 

79.20 

4.. 56 

1.52 

1.12 

3.02 

67.74 

20  .58 

1.23 

10.45 

79.20 

4.56 

1..52 

1.12 

3  02  1 

55.12 

32.11 

2.21 

10. 56 

75.72 

4.52 

6.41 

1.39 

1.16 

55.12 

32.11 

2.21 

10.56 

75.72 

4.52 

6.41 

1.39 

1.16 

1  .54.27 

30.. 57 

3.55 

11.61 

75.93 

4.58 

5.10 

1.24 

1.11 

54.27 

30.57 

3.. 55 

11.61 

75.93 

4.58 

5.10 

1.24 

1.11 

57.96 

29.45 

1.77 

10.82 

.90 

69.7, 

15.96 

.74 

13.59 

77.47 

3.05 

2.66 

.49 

2.64 

1 

i  69.24 

15.87 

1.06 

13.83 

76.03 

2.81 

4.92 

.81 

1.45 

1  69.24 

15.87 

1.06 

13.83 

76.03 

2.81 

4.92 

.81 

1.45 

'  70.34 

16.39 

1.34 

11.93 

77.79 

3.46 

4.74 

.53 

1.39 

69.52 

15.05 

1.83 

13.60 

77.21 

3..S 

3.48 

.70 

1.64 

1  69.67 

13.73 

1.30 

15.30 

70.93 

2.81 

8.80 

.75 

1.21 

1  69.67 

13.73 

1.30 

15.30 

70.93 

2.81 

8.80 

.75 

1.21 

!  6.1.93 

14.28 

4.. 52 

15.27 

76.18 

3.67 

2.. 52 

.81 

.83 

1  65.93 

1 

14.28 

4.52 

15.27 

76.18 

3.67 

2.52 

.81 

.83 

15. 3S 
13.84 
13.84 
25.03 
14. IS 
12.0* 


7.48 
12. 7S 
15. 3» 
15.30 
16.08 
23.78 
15.34 
11.64 
14.10 
7.61 
12.20 
19.31 
20.57 
6  94 
6.94 
6.94 


9.19 
9.19 
8.10 
8.10 
10.69 


10.90 
10.90 
10.58 
10.58 
10.80 
10.80 
12.04 
12.04 


13.69 


13.98 
13.98 


12.09 
13.85 


15.50 
15.50 
15.99 
15. 99 
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TABLE  16    Tests  of  Fuel  in  FIouse  heating  Boiler  at 
St.  luOUis>—{Continutd) 


Analysis  of  Ash 

and  Refuse 

per  cent 

Fuel  per  hour 
pounds 

British  thermal 

units 

per  pound 

of  P"'uel 

^_, 

d) 

Burned  per 

o 

-a 

square  foot  of 

% 

Desifirnationof  Fuel 

B 

§ 

>> 

Grate  Surface 

>> 

S 

O 

CO 

< 

Q 

Q 

S 

c« 

<-^ 

r; 

w 

fo 

37 

38 

43 

43.1 

44.1 

44 

45 

46 

Arkansas  No.  13 

Illinois  No  1  

Illinois  No.  7  E.  '.'.'.'.'.'.'.'.'.'.'.  '. 

Illinois  No  90 

Illinois  No.  12BW 

Illinois  No.  19  E 

Illinois  No.  29  AW .' '. '. .' .* '. ..." 

Illinois  No.  29  B 

Illinois  No.  31 

Illinois  No.  33 

Indiana  No.  1  B 

Indiana  No.  5  B 

Indiana  No.  6  B 

Indian  Territory  No.  2  BW. 
Indian  Territory  No.  2  B. . . . 
Kansas  No.  2  B 

Maryland  No.  2 

Missouri  No.  10 

Pennsylvania  No.  18 

Pennsylvania  No.  19 

Pennsylvania  No.  20 

Pennsylvania  No.  20  W . . ! . 
Pennsylvania  No.  22 

Pennsylvania  No.  1.5  (one-half) 
at  d  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (one- 
fourth)  and  Miscellaneous 
No.  9  (three  fourths). .. 

Pennsylvania  No.  18  (one-half) 
and  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (three- 
fourths)  and  Miscellaneous 
No.  9  (one-fourth) 

Penn.sylvania  No.  18  (one-half) 
and    Miscellai^eous     No. 
(one-half) 

Virginia  No.  5  B 


22.06 

77.94 

93 

92 

6.89 

6.81 

13112 

18.40 

81.60 

108 

93 

8.00 

6.89 

12178 

18.40 

81.60 

109 

9o 

8.08 

7.04 

12178 

10.02 

89.98 

121 

113 

8.96 

8.37 

10667 

15.00 

85.00 

105 

99 

7,78 

7.33 

12385 

2;}.  85 

76.15 

81 

74 

6.00 

5.48 

12958 

22.05 

77.95 

105 

97 

7.78 

7.18 

12411 

22.05 

77.95 

112 

104 

8.30 

7.70 

12411 

22.05 

77.95 

101 

93 

7  48 

6.89 

12411 

22.05 

77.95 

98 

90 

7.26 

6.67 

12411 

13.95 

86.05 

95 

84 

7.04 

6,22 

13;W6 

13.. 56 

86.44 

102 

96 

7.56 

7.11 

12562 

9.47 

90.53 

104 

94 

7.70 

6,96 

12024 

9.47 

90.53 

103 

94 

7.63 

6.96 

12024 

11.97 

8«.03 

116 

108 

8.59 

8.00 

11995 

26.85 

73.15 

124 

113 

9.19 

8.38 

10782 

13.13 

86.87 

133 

127 

9.86 

9.41 

11907 

14.79 

85.21 

110 

106 

8.15 

7.85 

12.i70 

10.48 

S9.52 

103 

97 

7.63 

7.18 

125.57 

32.11 

67.89 

93 

91 

6,89 

6.74 

13865 

15.05 

84.95 

94 

92 

6.96 

6.82 

13196 

83 

81 

6.15 

6.00 

12132 

13.. 53 

86.47 

97 

94 

7.18 

6.96 

11855 

22.64 

77.36 

82 

79 

6.08 

5.85 

14694 

22.64 

77.36 

75 

71 

5.56 

5.26 

14694 

22.64 

77.36 

81 

78 

6.00 

5.78 

14694 

27.30 

72.70 

66 

65 

4,89 

4.72 

14473 

13.89 

86.11 

151 

135 

11. 20 

10.00 

11588 

13.89 

86.11 

98 

87 

7,26 

6.44 

11588 

13.89 

86.11 

105 

93 

7,78 

6  89 

11588 

13  89 

86.11 

127 

113 

9.41 

8.37 

11.588 

16.64 

83.36 

73 

67 

5.41 

4.97 

14408 

16.64 

83.36 

82 

76 

6  07 

5.63 

14408 

12.02 

87.98 

68 

65 

5,04 

4.81 

14559 

12.02 

87.98 

69 

66 

5.11 

4.89 

14559 

22.54 

77.46 

80 

78 

5.93 

5,78 

14038 

25.38 

74.62 

69 

67 

5.11 

4.97 

14096 

25. 3« 

74.62 

69 

66 

5,11 

4.89 

14377 

10.44 

89.56 

82 

81 

6.08 

6.00 

13889 

31.05 

68.95 

61 

60 

4.. 52 

4.44 

1.3996 

15.53 

84.47 

66 

62 

4.89 

4.59 

14064 

15.. 53 

84.47 

69 

65 

5.11 

4.82 

14064 

17.04 

82.96 

76 

75 

5.63 

5.56 

14069 

r.04 

82.96 

75 

74 

5.56 

5.48 

14069 

15.01 

84.99 

70 

69 

5.18 

5.11 

13^67 

15.01 

84.99 

67 

65 

4.96 

4,82 

13867 

30.8;i 

69.17 

69 

67 

5.11 

4.96 

13764 

30.83 

69.17 

68 

66 

5.04 

4.89 

13764 

22.96 

77.04 

65 

64 

4.82 

4.74 

13812 

24.55 

75.45 

79 

79 

5.85 

5.85 

12887 

24.20 

75.80 

79 

78 

5.85 

5.78 

128.57 

24.20 

75.80 

93 

92 

6,89 

6.82 

12857 

13.89 

86.11 

86 

85 

6,37 

6.30 

13569 

19.30 

80.70 

79 

77 

5.85 

5.70 

13431 

28.05 

71.95 

83 

81 

6.15 

6.00 

12955 

28.05 

71.95 

81 

80 

6.00 

5.92 

12955 

2t.(>7 

75.93 

89 

85 

6.59 

6.30 

13136 

24.07 

75.93 

79 

75 

5.87 

5.56 

13136 

12917 
10.535 
10535 
10021 
11713 
11930 
11501 
11501 
11501 
11.501 
11671 
117.56 
10921 
10921 
11158 
9761 
11390 
12425 
11839 
13.561 
12912 
11795 
11444 
14161 
14161 
14161 
14229 
10310 
10310 
10310 
10310 
13338 
13338 
13873 
13873 
13680 
13820 
13865 
13646 
13712 
13198 
13198 
13896 
13896 
13561 
13561 
13275 
13275 
13568 


12793 


12721 
12721 


13387 


13185 


12787 
12787 
12542 
12542 


96 


ILLINOIS   ENGINEERING    EXPERIMENT    STATION 


TABLE  16    Tests  of  Fuel  in  House-heating  Boiler  at 
St.  Louis— {Continued) 


Water 
pounds 

c 

1 

ion  per 
F.  per 
ating 
si 

^i 

=1 

■a  <u 

6 

3 

.SSfe 

1 

> 
Q 

PI 

11 

Designation  of  Fuel 

o 

i 

m 

o 
o 

1 

«-2 

1 

o 

Equivalent  Kv 

hour  from  and 

sq.  ft.  of  Wa 

Surface  ( 

II 

49 

52 

51 

53 

53.1 

54 

55 

56 

Arkansas  No. 
Illinois  No.  1 . 


Illinois  No.  7  E 

Illinoi.sNo.  9C.  ... 
Illinois  No.  12  BW. 
Illinois  No.  19  E.. . 


IllinoisNo.  29  AW. 
Illinois  No  29  B... 
Illinois  No.  31 , 


IllinoisNo.  33 

Indiana  No   1  B 

Indiana  No.  5  B 

Indiana  No.  6  B 

Indian  Territory  No.  2  B  W. 

Indian  Territory  No.  2  B 

Kansas  No.  2B  


Maryland  No.  2. 


Missouri  No.  10. 


Pennsylvania  No.  18. 


Pennsylvania  No.  19 

Pennsylvania  Nc  20 

Pennsylvania  No.  20  W. 
Pennsylvania  No.  22 


Pennsylvania  No.  15  (one- 
half)  and  Rhode  Island 
No.  1  (one-half) 

Pennsylvania  No.  18  (one- 
fourth)  and  Miscellaneous 
No.  9  (three-fourths) 


Pennsylvania  No.  18  (one- 
half)  and  Rhode  Island 
No.  1  (one-half)   

Pennsylvania  No  18  (three- 
fourths)  and  Miscellaneous 
No.  9  (one-fourth) 

Pennsylvania  No.  18  (one- 
half)  and  Miscellaneous 
No.  9  (one-half) 


Virginia  No.  5  B. 


4186 
3422 
3809 
3708 
3786 
3188 
3625 
4482 
3325 
3959 
4900 
4134 
3960 
4292 
4248 
3805 
4915 
4523 
3962 
4866 
5411 
3433 
4023 
4895 
4188 
4260 
4079 
5152 
3824 
4036 
5415 
3720 
4879 
4404 
4095 
4343 
4209 
4113 
3142 
3239 
4069 
3829 
4416 
2703 
3473 
3531 
3457 
3627 
3844 


3993 

4173 

3698 

3118 
4308 


3860 
3928 
5353 
4270 


4487 

1.0720 

539 

15.6 

3.39 

1797 

3754 

1.0970 

474 

13.7 

2.98 

1580 

4159 

1.0919 

520 

15.1 

3.27 

1733 

i  3989 

1.07=^9 

499 

14.5 

3.14 

1663 

,  4089 

1.0800 

493 

14.3 

3.10 

1643 

,  3430 

1.0758 

416 

12.1 

2.62 

i:«7 

3914 

1.0798 

502 

14.6 

3.16 

1673 

1  4886 

1.09U2 

592 

17.2 

3.73 

19  3 

'  3599 

1.0825 

447 

13.0 

2.81 

1490 

4334 

1.0946 

554 

16,1 

3,49 

1847 

5239 

1.0692 

665 

19.3 

4.18 

2217 

4423 

1.0700 

615 

17.8 

3.87 

2050 

4407 

1.1130 

563 

16.3 

3.54 

1877 

4801 

1.118/" 

5^ 

17.2 

3.74 

19V0 

45«5 

1.0794 

550 

15.9 

3.46 

1833 

4075 

1.0710 

521 

15.1 

3.28 

1737 

5399 

1.0985 

648 

18.8 

4.08 

2160 

5048 

1.1161 

600 

17.4 

3.77 

2(X)0 

4272 

1.0782 

542 

15.7 

3.41 

1807 

5198 

1  0682 

656 

19.0 

4.13 

2187 

5739 

1.0606 

729 

21.1 

4.58 

2430 

1  3686 

1.0737 

461 

13.4 

2.90 

1.537 

4357 

1.0829 

528 

15.3 

3.32 

1760 

5224 

1.0673 

653 

18.9 

4.11 

2177 

4489 

1,0719 

599 

17.4 

3  77 

1997 

4581 

1.07.54 

573 

16.6 

3.60 

1910 

4377 

1.0731 

556 

16.1 

3.50 

1853 

5498 

1.0671 

718 

20.8 

4.. 52 

2393 

4087 

1.0688 

522 

15.1 

3.28 

1740 

4356 

1.0792 

557 

16.1 

3.50 

ia57 

5755 

1.0627 

708 

20.5 

4.45 

2:^0 

4014 

1,0790 

502 

14.6 

3.16 

1673 

i.246 

1.07.52 

656 

1».0 

4.13 

2187 

4722 

1.0723 

613 

17.8 

3,86 

2043 

4393 

1.0728 

549 

15.9 

3.45 

1830 

4710 

1.0845 

579 

16.8 

3  C4 

1930 

4520 

1.0740 

565 

16.4 

3.55 

1883 

4413 

1.0729 

552 

16.0 

3.47 

1840 

1  3480 

1.1076 

529 

15.3 

3.33 

1763 

j  3487 

1.0765 

465 

13.5 

2.92 

1550 

4367 

1.0733 

546 

15. 8 

3.43 

1820 

4126 

1.0776 

516 

15.0 

3.25 

1720 

4735 

1.0723 

606 

17.6 

3  81 

2020 

2931 

!.0844 

.5frl 

16.3 

3.55 

1880 

3743 

1.0776 

478 

13.9 

3.01 

1593 

3816 

1.0807 

472 

13.7 

2.97 

1573 

3723 

1 .0769 

465 

13.5 

2.92 

1550 

3909 

1.0777 

486 

14.1 

3.06 

1620 

4132 

1.0748 

545 

15.8 

3.43 

1817 

4273 

1.0700 

519 

15. 0 

3.26 

1730 

4555 

1.0915 

558 

16.2 

3.51 

1860 

4042 

1.0929 

577 

16.7 

3.63 

1923 

i 

1  3485 

1.1177 

616 

17.9 

3  87 

2053 

1 

!  4636 

1.0761 

563 

16.3 

3.54 

1877 

4158 

1.0773 

531 

15.4 

3.34 

1770 

4237 

1.0787 

530 

15.4 

3.33 

1767 

5678 

1.0608 

710 

20.6 

4.47 

2367 

4544 

1.0642 

583 

16.9 

3.67 

1943 

57.0 
50.2 
.55.0 
.52.8 
52.2 
44.0 
53  1 
62.6 
47.3 
58.7 
7tt.4 
65.1 
.59.6 
62.9 
58.2 
55.2 
68.6 
63.5 
57.4 
69  4 
77.2 
48.8 
55.9 
69.1 
63.4 
60.6 
58.8 
76.0 
55.2 
59.0 
74. 9 
53.1 
69.4 
64.9 
58.1 
61.3 
59.8 
58.4 
56. 0 
49.2 
57.8 
54.6 
64.2 
59.7 
50.6 
49  9 
49.2 
51.4 
57.7 


59.1 
61.0 


65.2 
59  6 


56.2 
.56.1 
75.1 
61.6 
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TA  BLE  16    Tests  of  Fukl  in  House-heating  Boiler  at 
St.  LiOVIS— {Continued) 


Designation  of  Fuel 

Economic  Results 
pounds 

Emciency 
percent 

6 

E(iuivalent  Evap- 
oration from  and 
at    212°    F.     per 
pound  of  Fuel 

Fuel  per  hour  per 
100  square  feet  of 
Radiating  Sur- 
face (mean  load 
carried  during 
test) 

Boiler 

and 
Furnace 
(dry  fuel 

basis) 

Plant 

(fuel  as 

fired 

basis) 

As  Fired 

Dry 

As  Fired 

Dry 

57 

58 

59 

60 

61 

62 

Arkansas  No.  13. 
Illinois  No.  1 


Illinois  No.  7E 

Illinois  No.  9C 

Illinois  No.  12  BW. 
Illinois  No.  19  E.-... 


Illinois  No.  29  AW. 
Illinois  No.  29B.  .. 
Illinois  No.  31 


Illinois  No.  33 

Indiana  No.  1  B 

Indiana  No-  5  B 

Indiana  No.  6  B 

Indian  Territory  No.  2  BVV. 
Indian  Territory  No.  2  B... 
Kansas  No.  2  B 


Maryland  No.  2 , 


Missouri  No-  10. 


Pennsylvania  No.  18. 


Pennsylvania  No.  19 

Pennsylvania  No.  20 

Pennsylvania  No.  20  W, 
Pennsylvania  No.  22 


Pennsylvania  No.  15  (one-half) 
and  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (one- 
f  urth)  and  Miscellaneous  No. 
9  (three-fourths) 


Pennsylvania  No.  18  (one-half) 
and  Rhode  Island  No.  1  (one- 
half) 

Pennsylvania  No.  18  (three- 
fourths)  and  Miscellaneous 
No.  9  (one-fourth). 

Pennsylvania  No.  18  (one-half) 
and  Miscellaneous  No.  9  (one- 
half)  


Virginia  No.  5  B. 


5.77 
4.40 
4.76 
4.13 
4.69 
5.15 
4.79 
5.27 
4.44 
5.67 
6.98 
6.02 
5.42 
5.74 
4.74 
4.19 
4.89 
5.44 
5.24 
7.06 
7.79 
5.53 
5.45 
8.02 
8.02 
7.05 
8.42 
4.75 
5.31 
5.32 
5.55 
6.92 
8.05 
9.00 
7.99 
7  21 
8.22 
8.02 
6.43 
7.64 
8.32 
7.50 
7.97 
7  56 
6.81 
7.10 
6.74 
7.09 
8.40 


.55 


7.08 
6.20 


7.13 
7.16 


6.44 
6.51 


7.42 


6.14 
5.32 
5.71 
4.56 
5.18 
5.84 
5.39 
5  91 
4.97 
6.33 
8.08 
6.59 
6.08 
6.46 
5.21 
5.36 
5.21 
5.82 
5. 70 
7.58 
8.20 
5.69 
5.86 
8.54 
8.41 
7.50 
8.72 
5.58 
6.28 
6.27 
6.41 
7.56 
8.78 
9.52 
8.52 
7.72 
8.58 
8.52 
6.60 
7.96 
9.02 
8.12 
8.21 
7.84 
7.20 
7.41 
7.41 
7.76 
9.00 


6.94 


.34 
-.61 


7.09 
8.89 
8  2H 


5.18 

5.12 

45.22 

6.84 

5.89 

42.19 

6.29 

5.48 

45.28 

7.28 

6.80 

41.28      1 

6.39 

6.(2 

40.39      ! 

5.K4 

5.34 

43.52 

6.28 

5.80 

41.94      ! 

5.68 

5.27 

45.99      1 

6.78 

6.24 

38.67 

5.30 

4.87 

49.25 

4.29 

3.79 

.58.64 

4.98 

4.68 

50  66 

5.54 

5.00 

48  83 

5.20 

4.75 

51.88 

6.33 

5.89 

41.94 

7.14 

6.50 

48.01 

6.16 

5.88 

42.25 

5.50 

5.30 

43.33 

5.70 

5.37 

43.84 

4.25 

4.16 

52.79 

3.87 

3.79 

60.01 

5.40 

5.27 

45.29 

5.51 

5.34 

47.74 

3.77 

3.63 

56.13 

3.76 

3.55 

55.27 

4.24 

4.08 

49.29 

3.56 

3.51 

58.18 

6.31 

5.64 

46.50 

5.68 

5.00 

52.34 

5.66 

5.01 

52.25 

5.38 

4.79 

53-42 

4.37 

4.01 

50.67 

3.75 

3.48 

58.85 

3.33 

3.18 

63.15 

3.77 

3.61 

56.51 

4.14 

4.04 

52  71 

3.67 

3.56 

58.78 

3.75 

3.59 

57.23 

4.65 

4.60 

45.89 

3.94 

3.87 

54  92 

3.63 

3.41 

61.94 

4.01 

3  78 

55.76 

3.76 

3. /I 

56.35 

3.99 

3.94 

53.81 

4.40 

4.33 

50.14 

4.26 

4.13 

51.60 

4.45 

4.32 

51.99 

4.20 

4.07 

54.45 

3.58 

3.52 

62.93 

4.57 

4.57 

52.01 

4.25 

4.19 

56.48 

4.84 

4.79 

49.57 

4.19 

4.14 

52.24 

4.21 

4.10 

54.72 

4.69 

4.. 57 

52.03 

4.59 

4..53 

52.85 

3.76 

3.59 

65.36 

4.07 

3.86 

60.87 

43.14 
40.33 
43.63 
39.80 
38.67 
41.69 
40.22 
44. -^5 
37.28 
47.61 
57.75 
49.45 
47.93 
50.76 
41.02 
41.45 
41.46 
42.28 
42.74 
50.28 
58.26 
45.28 
45.99 
54.69 
54.69 
48.08 
57.15 
44.49 
49.74 
49.83 
51.98 
50.10 
58.28 
62.65 
55.62 
.50.90 
57.44 
55.86 
45.50 
53.81 
60.88 
54.88 
55.39 
52.54 
48.50 
50.56 
49.03 
51.58 
.59.79 


49.44 


53.75 
47.07 


51.43 
52.44 


48.64 
49.16 
61.44 
57.13 
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TABLE  16    Tests  of  B'uel  ix  House-Heating  Boiler  at 
St.  Louis — [Concluded). 


Designation  of  Fuel 


Fuel  at  $1  per  2000 

pounds 

bt 

2a;  , 

a  a  u 

.Hg 

3  cS  :3 

rf  ? 

S|^^ 

a- 
1^^ 

o-'-'  b  o 

>-  V,—  is 

i^  =*„ 

tsper 
iiatin 
mean 
uring 

,— ,  c  ^ 

cc  r  :3 

(D  5  a 

o  =  ea 

"^o 

o  «  a 

S"" 

en 

-c 

bu 

ti 

'C 

fe 

? 

4) 

a 

o 

'£ 

3  be 

(V 

s 

o  » 

'o-r^ 

O  33 

cs^ 

^^ 

IIS 

OiS 

.5  8 

|.2 

"a 

|l 

fl 

^S 

a 

H 

i 

5 

1 

u 

> 
< 

O 

64 


70 


71 


!    77 


4 
5 
28 
29 
30 
31 
46 
24 
25 
32 
15 
26 
27 
41 
42 
16 
17 
18 
19 
14 
47 

56 


49 


Arkansas  No.  13 

Illinois  No.  1   

Illinois  No.  7  E 

Illinois  No.  9  C 

Illinois  No.  12  B\V  

Illinois  No.  19  E 

Illinois  No.  29  AW  

Illinois  No.  29  B 

lllinoi.s  No.  31 

Illinois  No.  33. ..'.'.'.". '.'.'."^. '.".".'.'.'. 

Indiana  No.  1  B 

Indiana  No.  5  B 

Indiana  No  6  B 

Indian  Territory  No.  2  B W 

Indian  Territory  No.  2  B 

Kansa.s  No.  2  B 

Maryland  No.  2 

Missouri  No.  10 

Pennsylvania  No.  18 

Pennsylvania  No.  19 

Pennsylvania  No.  20 

Pennsylvania  No.  20  W 

Pennsylvania  No.  22  

Pennsylvania  No.  15  (one-half)  and 
Rhode  Island  No.  1  (one-half) .... 

Pennsylvania  No.  18  (one-fourth) 
and  Miscellaneous  No.  9  (three- 
fourths) 

Pennsylvania  No.  18  (one  half)  and 
Rhode  Island  No.  1  (one  half) .... 

Pennsylvania  No. 18  (three  fourths) 
and  Miscellaneous  No.  9  (one 
fourth)     

Pennsylvania  No.  18  (one-half)  and 
Miscellaneous  No.  9  (one-half)... 

Virtjinia  No.  5  B   


.3420 
.31.50 
.3640 
.3200 
.2420 
.3140 
.2840 
.3390 
.2650 
.2150 
.2490 
.2770 
.2600 
.3170 
.3570 
.3080 
.  27.50 
.2850 
.2130 
.1940 
.2700 
.2760 
.1890 
.1880 
.2120 
.1780 
.3160 
.2820 
.2830 
.2690 
.2190 
.1880 
.1670 
.1890 
.2070 
.1840 
.1880 
.2330 
.1970 
.1820 
.2010 
.1880 
.2CX)0 
.2200 
.2130 
.2230 
.2100 
.1790 

.2290 


.2130 
.2420 


.2100 


.2110 

.2;i50 
.  23(X1 
.1880 
.80*0 


11.36 
10.50 
12.10 
10.65 
9.71 
10. 44 
9.49 
11.25 
8.82 
7.16 
8.81 
9  23 
8.71 
10.55 
11.93 
10.22 
9.19 
9.54 
7.08 
6.42 
9.04 
9.18 
6.24 
6.24 
7.09 
5.94 
10.52 
9.42 
9.40 
9.01 
7.23 
6.21 
5.56 
6.26 
6.94 
6.08 
6.24 
7.78 
6.54 
6.01 
6.67 
6.27 
6.61 
7.34 
7.04 
7.42 
7.05 
5  96 

7.64 


7.06 
8.06 


7.01 


7.68 
6.27 
6.74 


8-16 

155 

1.66 

8-14 

171 

1.58 

8-16 

175 

1.60 

161 

1.33 

145 

1.36 

74 

.92 

4-l> 

163 

1.56 

8-16 

155 

1.37 

8-16 

162 

1.61 

6-14 

1.53 

1.56 

62 

.66 

67 

.65 

163 

1.56 

167 

1.61 

8-16 

161 

1.39 

6-18 

162 

1.30 

4-16 

158 

1.19 

4-14 

155 

1.40 

8-14 

163 

1.58 

74 

.79 

67 

.71 

56 

.66 

6-18 

160 

1.65 

93 

1.14 

140 

1.32 

163 

2.00 

65 

.98 

116 

.77 

55 

.56 

55 

.52 

65 

.51 

145 

2.00 

163 

2.00 

131 

1.92 

4-12 

138 

2.00 

163 

2.03 

138 

2.00 

138 

2.00 

135 

1.64 

41 

.68 

131 

2.00 

138 

2.00 

4-16 

148 

1  96 

6-18 

129 

1.73 

61 

•  87 

60 

.89 

69 

1.00 

138 

2.01 

62 

.95 

4-18 

163 

2.06 

8-18 

161 

2.04 

8-16 

163 

1.75 

4-12 

162 

1.88 

1      .... 

162 

2.06 

8-16 

162 

1.96 

10-18 

163 

2.00 

65 

.73 

123 

1.56 
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TABLE  17 

AvEBAGE  Percentage  of  CO2,  O2,  and  CO 
FROM  52  Tests  Made  on  Fuel  in  House- 
heating  Boiler  at  St.  Louis 


Test 
No. 


CO2 


02 


CO 


Test 
No. 


CO2 


02 


CO 


7 

10.1 

6.35 

0.40 

34 

7.2 

10.9 

0,1 

8 

10.9 

5.4 

1.02 

35 

7.8 

9.80 

.10 

9 

10.22 

7.56 

.7 

36 

7.9 

8.3 

.96 

10 

9.74 

8.44 

.34 

37 

12.1 

4.3 

.75 

11 

7.57 

10.0 

.68 

38 

9.3 

6.8 

.55 

12 

9.26 

8.30 

.44 

39 

8.75 

5.45 

1.0 

13 

6.96 

11.35 

.20 

40 

8.2 

8.86 

.53 

14 

7.0 

10.68 

..52 

41 

6.7 

10.8 

.20 

15 

5.8 

11.30 

.18 

42 

7.1 

9.8 

.25 

16 

6.8 

11.3 

.56 

43 

6.8 

11.4 

.4 

17 

6.8 

10.26 

.43 

44 

7.6 

9.4 

.4 

18 

7.2 

9.85 

.65 

45 

13.3 

4.3 

•6 

19 

8.0 

8.77 

.84 

46 

10.3 

6.75 

.65 

20 

7.13 

9.83 

.53 

47 

9.2 

9.25 

.15 

21 

8.6 

7.25 

.51 

48 

8.3 

9.8 

.6 

22 

8.0 

6.58 

1.62 

49 

8.1 

9.80 

.60 

23 

7.5 

7.40 

1.28 

50 

8.6 

9.3 

.15 

24 

6.8 

11.84 

.24 

51 

9.4 

9.0 

.60 

25 

7.0 

11.60 

.11 

52 

8.75 

7.65 

1.50 

26 

7.6 

10.35 

.28 

53 

9.8 

6.65 

1.0 

27 

5.8 

12.81 

.05 

54 

9.7 

6.5 

.6 

28 

7.5 

10.75 

.46 

55 

12.5 

4.0 

.75 

29 

7.4 

10.76 

.34 

56 

9.8 

7.10 

.40 

30 

7.4 

10.63 

.13 

57 

9.9 

7.90 

.25 

31 

6.5 

10.40 

.30 

58 

9.3 

8.1 

.45 

32 

7^0 

10.35 

.15 

59 

9.7 

7.4 

1.2 

I 
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TABLE  18 


i 


Tests  op  Fuel  in  House-heating  Boilers  Made  at  the 

Engineering  Experiment  Station  Univ^ersity  of 

Illinois* 

Tests  on  Briquets 


Desigrnation  of  Fuel   Shape  of 
Briquets 


Date 


1907 


Average  Pressure 


I  Average  Tem- 
perature (°F.) 


Steam 
gage 


C  3 
O  O 


Draft  (in. 
of  water) 


10 


12 


13      14 


(UK. 


15      16 


136 

Dl 

137 

D2 

152 

Dl 

153 

D2 

154 

Dl 

155 

D2 

142 

Dl 

143 

D2 

144 

Dl 

145 

D2 

158 

Ul 

159 

D2 

140 

Dl 

141 

D2 

146 

r^i 

147 

D2 

148 

Dl 

149 

D? 

138 

Dl 

139 

D2 

156 

Dl 

157 

D2 

150 

Dl 

151 

D2 

Illinois  No.  7  E 

Illinois  No.  9  c'.'.'.".'. 
Illinois  N  W '.'.'.'. 
Illinois  No.  31 

Illinois  No.  33 

Indiana  No-  1  B 

Indiana  No.  6  B 

Missouri  No-  10 

Pennsylvania     No. 
20  W.^^ 

Pennsylvania  No-  22 


Round 


Square 
Round 


Square 
Round 


Square 


June  19. 
June  28. 
June  29. 
June  22. 
June  24. 
July  2. 
June  21. 
June  25. 
June  26. 
June  20. 
Julyl. 

June  27. 


8.62 
7.38 
7.78 
8.02 
7.97 
7.50 
7.35 
6.85 
7.93 
7.52 
7.97 
8.15 
7.97 
7.47 
8.05 
8.00 
8.08 
8.25 
7.95 
7.67 
9.17 

8.02 
8.13 
8.45 


4.25 
4.98 
6.39 
5.04 
7.04 
3.60 
6.69 
5.22 
5.61 
6.02 
6.78 
5.34 
6.12 
5.30 
6.32 


5.44 
5.68 
4.44 
6.11 


1.87 
1.58 
2.02 
1.71 
2.06 
1.32 
2.05 
1.67 
1.94 
1.70 
2.05 
1.71 
!  2.08 
I  1.68 
1.97 
1.46 
2.07 
1.74 
1.97 
1.86 
2.00 


5.40  1.60 
5.72  2.02 
6.09      1.86 


0.15 

0.10 

.16 

.06 

.15 

.12 

74 

79 

.15 

.06 

74 

79 

,15 

.12 

82 

83 

.13 

.03 

82 

83 

.15 

.11 

.. 

.15 

.05 

.17 

.10 

.. 

.22 

.04 

.15 

.12 

75 

81 

.18 

.05 

75 

81 

.15 

.12 

.18 

.04 

.15 

.11 

78 

82 

.19 

.02 

78 

82 

.17 

.13 

77 

83 

.17 

.05 

77 

83 

.14 

.10 

.20 

.05 

.14 

.12 

83 

88 

.14 

.07 

83 

88 

.18 

.14 

74 

79 

.15 

.06 

74 

79 

148  9 
158.0 
164.5 
168.3 
159.9 
161.6 
151.3 
153.7 
150.8 
144.5 
16.5.1 
166.0 
152.3 
157.0 
169.1 
173.4 
1.55.8 
156.6 
163.1 
162.7 
167.2 

169.7 
157.5 
165.4 


*See  "21.  Data  and  Results."  p.  63. 


SNODGUASS — FUEL   TESTS — HOUSE-HEATING    BOILERS       103 

TABLE  18 

Tests  of  Fuel  in  House- heating  Boilers  Made  at  the 

Engineering  Experiment  Station,  University  of 

1LI.INOIS— {Continued) 

Tests  on  Briquets 


Fuel  as  Fired  (pounds) 

Dry  Fuel  (pounds) 

8 

-d 

o'v: 

> 

,                 c 

o 

c 

-o 

■a 

-a  o 

In 

a 

6 

Designation  of  Fuel 

o 

p. 

w 

.H' 

8-03 

8-< 

5 

1 

1 

i5„ 

1 

II 

S 

1 

20 

21 

21.1 

21.2 

23 

23.1 

23.2 

24 

25 

136 

137 
152 
153 
154 
155 
142 
143 
144 
145 
158 
159 
140 
141 
146 
147 
148 
149 
138 
139 
1.56 
157 
150 
151 


Illinois  No. 


Illinois 
Illinois 
Illinoi.s 

Illinois 
Indiana 
Indiana 


No.  9C... 
No.  30  W. 
No.  31..'.. 


Missoui 
Pennsy 
Pennsy 


No.  33... 
No.  1  b! 
No.  6  B. 


iNo    10 

vaniaNo.20W 
vania  No.  22.. 


6.0 

372 

374.4 

340.5 

347.9 

316.4 

307.4 

34.0 

6.2 

335 

337.5 

318.9 

3136 

296.3 

272.8 

76.0 

10.0 

275 

279.0 

266  2 

259.8 

2478 

245.2 

26.0 

10.0 

375 

379  0 

363.0 

352.9 

338  0 

325.8 

51.0 

10.0 

255 

259.0 

251.1 

242.6 

235  2 

2339 

13.0 

10.0 

300 

304.0 

280.5 

284.7 

262.7 

256.9 

23.0 

6.0 

265 

267.4 

2.53.9. 

241.9 

229.7 

224.0 

27.0 

10.0 

275 

279.0 

269.3 

252.4 

243  6 

232.6 

45.0 

7.5 

275 

278,0 

26-.  8 

254.5 

245.2 

236.1 

35.5 

72 

300 

302.9 

288.9 

277.3 

264  4 

249,7 

42.5 

10.0 

260 

264.0 

254.6 

247.5 

238.6 

235.8 

24.0 

10.5 

340 

344.2 

326.8 

322.7 

306.3 

301.4 

34.5 

10.0 

275 

279.0 

268.7 

260.0 

250.4 

240.6 

32.5 

10.0 

300 

304.0 

291.8 

283.3 

271.9 

261.4 

43.0 

10.0 

265 

269-0 

261.4 

255.3 

248.1 

244.2 

23.0 

10,0 

340 

344  0 

318.6 

326.5 

302.4 

297.2 

33.5 

10.0 

265 

269.0 

253.2 

255.8 

240  8 

238.8 

21.0 

10.0 

340 

344.0 

326.3 

327.1 

310.3 

303.5 

38.5 

6.0 

300 

3('2  4 

282.5 

282.6 

264  0 

247.5 

57.0 

6.0 

375 

377.4 

360.2 

352.6 

336.5 

322.7 

62.5 

10  0 

225 

229.0 

214.6 

221  8 

207  8 

202.7 

17.2 

11.0 

225 

229.4 

217.4 

iJ25.2 

.210.6 

2019 

22  0 

10.0 

225 

229.0 

209.2 

220.7 

201.6 

196.7 

20.0 

10.0 

226 

280.0 

252.5 

269.9 

243.4 

236.0 

25.0 

82.5 
34.0 
27.0 
23.5 
14,2 
27.7 
24.0 
14.0 
16.0 
20.5 
19.0 
26.5 
16.0 
15.5 
17.5 
33.0 
31.5 
26-5 
27.0 
32.0 
16.0 
14.7 
24.0 
38.0 
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TABLE  18 


Tests  of  Fuel  in  House-heating  Boilers  made  at 
Engineering  Experiment  Station  University 
OF  1L.I.IN01S,— {Continued) 
Tests  on  Bri(iuets 


.2 

Proximate  Analysis 

Residual  Fuel 

of  Fuel  as  Fired 

15fe 

percent 

per  cent 

:i 

1 

, 

o 

• 

o 

P3 

Designation  of  Fuel 

6 

eMatt 
sture 

^ 

a 
o 

■e 

in 

TS 
^ 
£ 

Volatil 
Moi 

■< 

•2S 

S 

1 

26           27           28 

i                       : 

29 

35 

37      1      3, 

136 

Dl 

137 

U2 

152 

Dl 

153 

D2 

154 

Dl 

155 

D2 

148 

Dl 

143 

D2 

144 

Dl 

145 

D2 

158 

Dl 

159 

D2 

140 

Dl 

141 

D2 

146 

Dl 

147 

D2 

148 

Dl 

149 

D2 

138 

Dl 

139 

D2 

156 

Dl 

157 

D2 

150 

Dl 

151 

D2 

Illinois  No.  7  E.. 
Illinois  No.  9  C. 
Illinois  No.  30  W. 
Illinois  No-  31.... 


Illinois  No.  33... 
Indiana  No.  1  B. 
Indiana  No.  6  B. 


Missouri  No.  10 

Pennsylvania  No.  20  W 
Pennsylvania  No.  22 


7.07 
7.07 


6.34 
6.34 
9.53 
9.53 
8.46 
8.46 
6  26 
6.26 
6.80 
6.80 
5.08 
5.08 
4.91 
4.91 
6  56 
6.56 
3.16 
3.16 
3.61 
3.61 


27.43 

26.50 

27.43 

35. ai 

14.69 

35  87 

14.69 

51.44 

8.35 

46.47 

8.35 

71.34 

16.8! 

40.71 

16.81 

50.39  i 

16.76 

46.16 

16  76 

49.72 

13.67 

40.06 

13.67 

53.09 

14.11 

50.81 

14.11 

62.24 

12.27 

35.80  1 

12.27 

63  04 

13.51 

40.29 

13.51 

53.58 

21.57 

51.85 

21.57 

37.98 

7.98 

85  21 

7.98 

76.78 

9.68 

74.34 

968 

65.23 

73.50 
64.66 
64.13 
48.56 
53.53 
28.66 
59.29 
49.61 
53.84 
50.28 
59.94 
46.91 
49.19 
37.76 
64.20 
36.96 
59.71 
46.42 
48.15 
62.02 
14.79 
23.22 
25.66 
34.77 


SNODGRASS — FUEL   TESTS — HOUSE-HEATING    BOILERS 

TABLE  18 

Tests  of  Fuel  in   House-heating  Boilers  Made  at  the 

Engineering  Experiment  Station  University  of 

li^L,iNOis— {Continued ) 

Tests  on  Briquets 


105 


Designation  of  Fuel 


Ash  (per  cent) 

Dry  Fuel  per 
hour (pounds) 

British  therm- 
al units  per 
pound  of  Fuel 

c 
o 

8 

>> 

1 

o 

p 

£2 

Q 

1 

< 

40 

« 

43 

44 

45 

46 

47 


136 

Dl 

137 

D2 

152 

Dl 

153 

D2 

154 

Dl 

155 

D2 

142 

Dl 

143 

D2 

144 

Dl 

145 

D2 

158 

Dl 

159 

D2 

140 

Dl 

141 

D2 

146 

Dl 

147 

D2 

148 

Dl 

149 

D2 

138 

Dl 

139 

D2 

156 

Dl 

157 

D2 

150 

Dl 

151 

D2 

Illinois  No.  7E 

Illinois  No.  9  C... ...... 

Illinois  No.  30  w! ! !  '  ! . . 
Illinois  No.  31 

Illinois  No.  33 

Indiana  No.  IB 

Indiana  No.  6  B 

Missouri  No.  10 

Pennsylvania  No.  20  W. 
Pennsylvania  No-  22 


18.30 

81.70 

36.72 

8.58 

10142 

9425 

21.47 

78.53 

40.13 

6.69 

10142 

9425 

8.23 

91.77 

31.84 

7.43 

11845 

11029 

19  44 

80.. 56 

42.16 

7.03 

11845 

11029 

9.32 

90.68 

29.52 

6.90 

13134 

12301 

22.77 

77.23 

35.03 

5.84 

13134 

12301 

17.01 

82.99 

31.25 

7.30 

11685 

10571 

19.50 

80.. 50 

35.. 56 

5.93 

11685 

10571 

20.30 

79.70 

30.90 

7.22 

11574 

10595 

27.41 

72.59 

35.17 

5.86 

11574 

10.595 

10.26 

89.74 

29.95 

7.00 

12.573 

11786 

12.38 

87.62 

37.58 

6.26 

12.573 

11786 

25.57 

74.43 

31.43 

7.34 

12379 

11537 

20.85 

79.15 

36.42 

6.07 

12379 

11.537 

14. 58 

85.42 

30.82 

7.20 

12617 

11976 

13.47 

86.53 

37.81 

6.30 

12617 

11976 

7.87 

12.13 

29,78 

6.96 

12319 

11714 

14.91 

85.06 

37  61 

6.27 

12319 

11714 

21.87 

78.13 

33. 21 

7.76 

11012 

10290 

16.64 

83.36 

43.89 

7.32 

11012 

10290 

28.87 

71.13 

22.67 

5.30 

14262 

13811 

38.61 

61.39 

26.26 

4.38 

14262 

13811 

23.17 

76.83 

24,79 

5.79 

13646 

13153 

27,70 

72.30 

28.80 

4.80 

13646 

13153 

1.02 
.61 
.99 
.90 
.82 

1.11 
.83 
.66 

1.09 
.72 
.95 
.89 
.85 
.69 
.90 
.93 
.76 
.81 
.93 
.65 
.98 
.78 

1.08 
.80 
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TABLE  18 

Tests  of   Fuel  in  House-heating  Boilers  Made  at   the 

Engineering  Experiment  Station,  University  of 

iL.j.isois— {Continued) 

Tests  on  Briquets 


>. 

Water 

Water  per  hour 

a 

pounds 

pounds 

c 

3 

c 

c 

c? 

a 

o  ^ 

c 

c 

>. 

>. 

s 

o 

OO  I 

o 

o 

■•5&^ 

:3  &© 

> 

11 

E2 

u 

3 

'^ 

Q  =3 

o. 

^  ■:i<^ 

V 

o 

1- 

1 

Designation  of  Fuel 

t.1 
2 

c3 

3 

1= 

£ 

ft 

^2 

c3 

> 

o 

2 

|°2 

m 

C 

t- 

c 

p. 

t 

c 

^ 

8 

K^ 

11^ 

48 

49 

50 

52 

51 

53 

54 

136 

Dl 

Illinois  No.  7  E 

0.9905 

1292 

1S80 

1366 

1.0677 

158.5 

3.63 

<.5. 

137 

D2 
Dl 
D2 

.9943 
.9907 
.9914 

1386 
1215 
1589 

1377 
1204 
1575 

1457 
1266 
1650 

1.0580 
1.0517 
l.(M77 

197.3 
162.7 
205.8 

2.69 
3.72 

2.80 

5.72 
4.78 

152 

Illinois  No.  9  0 

153 

5.97 

154 

Dl 

Illinois  No.  30  W 

.9923 

1302 

1292 

1365 

1.0566 

171.3 

3.92 

4.97 

155 

D2 
Dl 

.9895 
.9923 

1234 
1147 

1221 
1138 

1287 
1212 

1.0542 
l.(>655 

171.6 
165.0 

2.34 
3.78 

4  97 

142 

Illinois  No.   31 

4.7« 

143 

D2 
Dl 
D2 

' ' 

.9938 
.9900 
.9933 

1346 
1228 
1457 

1337 
1216 
1447 

1421 
1296 
1552 

1.0626 
1.0660 
1.0722 

207.5 
163.5 

206.7 

2.83 

•  3.74 

2.82 

6  01 

144 

4  74 

145 

5.99 

158 

Dl 

Illinois  No.  33 

9910 

1270 

1259 

1323 

1.0512 

166.0 

3.80 

4.81 

159 

D2 

Dl 

' ' 

.9916 
.9920 

1515 
1216 

1.502 
1206 

1577 
1285 

1.W97 
1.0650 

193.5 
161.3 

2  64 
3.69 

5  61 

140 

Indiana  No.  1  B 

4.68 

141 

02 

' ' 

.9935 

1281 

1273 

1350 

1.0592 

180.7 

2.47 

5.24 

146 

Dl 

Indiana  No.  6  B 

.9914 

1270 

1259 

1320 

1.0469 

164.0 

3.75 

4.76 

147 

D2 

' ' 

9911 

1420 

1407 

1466 

1.0420 

183.3 

2.50 

5.31 

148 

Dl 
D2 

' ' 

.9929 
.9923 

1299 
1669 

1289 
1655 

1368 
1754 

1.0609 
1.0598 

169.2 
212.5 

3.87 
2.90 

4.91 

149 

' ' 

6.16 

138 

Dl 

Missouri  No.  10 

.9912 

1243 

1232 

1297 

1.0532 

163.2 

3.74 

4.73 

139 

D2 
Dl 

.9939 
.99(K 

1557 
1377 

1546 
1364 

1630 
1431 

10534 
1.0489 

212.5 
156.1 

2.90 
3.57 

6  16 

156 

Pennsylvania  No.  20  W 

4.53 

157 

L)2 
Dl 

.9926 
.98i)9 

1555 
1264 

1543 
1251 

1614 
1325 

1  0460 
1.0590 

201.3 
163  0 

2.74 
3.73 

5  84 

150 

Pennsylvania  No.  22 

4.73 

151 

D2 

.9924 

1689 

1676 

1761 

1.0506 

208.4 

2.84 

6.04 

1 
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TABLE  18 

Tests   of   Fuel  in  House-heating  Boilers  Made  at  the 

Engineering  Experiment  Station  University  of 

Illinois— ( ConiwrnetZ) 

Tests  on  Briquets 


Desiernation  of  Fuel 


Mean  Load 

Carried 

i 

bB 

;3 

C  bJi 

cfl 

'XS  Q 

bs 

c3'n  ;- 

a 

•^_cS  OJ 

j_3 

c3t3'?^ 

C3 

P3  =^-2 

Oh  ^ 

jj  '*-< 

<D7?  1) 

7  St: 

QJ 

2^^^ 

C3 

catJc/^ 

3  3 

CO! 
73 

55 

55.1 

15  " 


O  p. 
bjj-J 


56 


Economic  Results  (pounds) 


Equivalent 
Evaporation 
from  and  at 
212°  F.  per 
pound  of  Fuel 


57 


Fuel  per  hour 
per  100  sciuare 
feet  of  radiat- 
tintr  Surface 
(mean  load 
carried  dur- 
ing test) 


58 


136 

Dl 

137 

D2 

152 

Dl 

ir,3 

D2 

154 

Dl 

155 

D2 

142 

Dl 

143 

D2 

144 

Dl 

145 

D2 

158 

Dl 

159 

D2 

140 

Dl 

141 

D2 

146 

Dl 

147 

D2 

148 

Dl 

149 

D2 

138 

Dl 

139 

D2 

156 

Dl 

157 

D2 

150 

Dl 

151 

D2 

Illinois  No.  7  E 

Illinois  No.  9  C 

Illinois  No.  30  W........ 

Illinois  No.  31.. .!..'.".'.! 

Illinois  No.  33..!.".".".".".!! 

Indiana  No,  1  B 

Indiana  No.  6  B 

Missouri  No.  10 

Pennsylvania  No.  20  W 
Pennsylvania  No.  22 


528 

566 

66.0 

4.01 

4.44 

7.48 

658 

761 

61.2 

4.57 

5.34 

6.57 

542 

580 

67.8 

4.76 

5.16 

6.31 

686 

789 

63.8 

4.55 

5.06 

6.60     1 

571 

609 

71.4 

5.44 

5.84 

5. .52     1 

572 

675 

53.2 

4.59 

5.01 

6.. 54 

550 

588 

68.8 

4.77 

5.41 

6.28 

692 

795 

64.3 

5.28 

6.11 

5.68 

545 

583 

68.2 

4.84 

5.49 

6.19 

689 

792 

64.1 

5.37 

6.22 

5.-58 

553 

591 

69  2 

5.20 

5.61 

5.77 

645 

748 

60.0 

4.83 

5.23 

6.22 

538 

576 

67.2 

4.78 

5.34 

6.27 

602 

706 

56.0 

4.63 

5.16 

6.49 

547 

585 

68.3 

5.05 

5.41 

5.94 

611 

714 

56.8 

4.60 

4.93 

6.52 

564 

602 

70.5 

5.40 

5.73 

5.55 

708 

812 

65.8 

5.38 

5.78 

5.58 

544 

582 

68.0 

4.59 

5.24 

6.53 

708 

812 

65.9 

4.53 

5.05 

6.63 

520 

558 

65.0 

6.67 

7.06 

4.50 

671 

774 

62.4 

7.42 

7.99 

4.04 

543 

581 

67.9 

6.33 

6.74 

4.73 

695 

798 

64.6 

6.97 

7.46 

4.30 

6.95 
6.10 
5.87 
6.15 
5.17 
6.12 
5.68 
5.14 
5.67 
5.10 
5.41 
5.83 
5.85 
6.05 
5.64 
6.19 
5.28 
5.31 
6.10 
6.20 
4.36 
3.91 
4.56 
4.15 
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TABLE  18 

Tests  of  Fuel  in  House-heating  Boilers  Made  at  the 
Engineering  Experiment  Station,  University  of 
IL1.IN01S— {Concluded) 
Tests  on  Briquets 


Desitjnation  of  Fuel 


Efficiency 
per  cent 


.  St3 

<o  %  :x  -^ 


« 


=  £-. 


62 


.21 


o  o- 
O 


64 


5s? 


Average 

Interval 

hours 


2  =3  = 


CinS       £3  2 
*=.S  «-        (UfV 


70 


71 


o 

S:3  bi 


72 


25|g 


73 


136 

Dl 

137 

D2 

152 

Dl 

153 

D2 

154 

Dl 

155 

1)2 

142 

Dl 

143 

D2 

144 

Dl 

145 

D2 

1;)8 

Dl 

159 

D2 

140 

Dl 

141 

D2 

146 

Dl 

147 

D2 

148 

Dl 

149 

D2 

138 

Dl 

139 

D2 

156 

Dl 

157 

Dl 

150 

Dl 

151 

D2 

Illinois  No.  7E... 
Illinois  No.  9C!!! 
IllinoisNo.  30  w! 
Illinois  No.  31....! 


Illinois  No.  33.. 
Indiana  No.  1  B. 
Indiana  No.  6  B. 


Missouri  No.  10 

Pennsylvania  No.  20  W. 
Pennsylvania  No.  22 


42.28 

41.09 

0.374 

12.47 

75 

1..53 

1.02 

50.85 

46.83 

.374 

10.94 

45 

1.04 

.76 

42.07 

41.69 

.328 

10.50 

75 

2.13 

2.13 

41.26 

39.84 

.316 

10.99 

75 

1.76 

1.77 

42.94 

42.71 

.330 

9.19 

75 

2.40 

2.40 

36.84 

36.04 

.276 

10.89 

75 

1.74 

1.74 

44.72 

43.58 

.327 

10.18 

75 

2.31 

2.31 

50.. 50 

48.24 

.314 

9  47 

75 

2.13 

2.13 

45.81 

44.12 

.284 

10.33 

75 

2.52 

2.. 52 

1     51.90 

48.95 

.310 

9.31 

75 

2.01 

2  01     1 

43.09 

42.61 

.279 

9.62 

75 

2.61 

2.61 

40.17 

39.58 

.289 

10.35 

75 

1.91 

1.91 

41.66 

40.02 

.311 

10.46 

75 

2.21 

2.21 

40.26 

38.76 

.314 

10.80 

75 

1.94 

1.94 

1     41.41 

40.73 

325 

9.90 

75 

2.54 

2. .54 

37.74 

37.10 

.297 

10. 87 

75 

1.89 

1.89 

44.92 

44.52 

.326 

9.26 

75 

2.73 

2  81 

45.31 

44.36 

278 

9.29 

75 

2.14 

2.14 

45.96 

43.08 

.279 

10.89 

75 

1.91 

1.91 

1     44.29 

42  52 

.327 

11.04 

75 

1.4> 

1.46 

1     47.81 

46.64 

.332 

7.50 

75 

3.25 

3.25 

1     54.11 

51.89 

.2>5 

6.74 

75 

3.12 

3.13 

1     47.70 

46.48 

.2J2 

7.90 

75 

3  44 

3.44 

1     52.80 

51.18 

.215 

7.17 

75 

2.51 

2.52 

2.00 
1.77 
2.22 
2.22 
2.55 
2.37 
2.38 
2.73 
2.60 
2.25 
2.83 
2.62 
2.22 
2.05 
3.03 
2.48 
3  62 
1.83 
2.00 
1.67 
3.60 
3.35 
3.68 
2.17 


a  Based  on  fuel  as  $1  per  2000  lb. 
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I.     Introduction 

Experimental  studies  on  coal  have  been  carried  on  for  some 
time  in  the  Laboratory  of  Industrial  Chemistry  at  th6  University 
of  Illinois.  A  number  of  topics  have  been  taken  up,  such  as 
Weathering,^  Distillation  at  Low  Temperature,^  Pure  Coal,^  Clas- 
sification,* The  Composition  and  Analysis  of  Illinois  Coal, ^  etc., 
etc. 

These  studies,  while  conducted  as  independent  lines  of  work, 
are  so  interrelated  that  not  infrequently  the  facts  brought  out 
under  one  division  have  aided  very  materially  in  the  interpreta- 
tion of  results  obtained  under  another  heading.  Especially,  also, 
has  it  been  found  that  each  one  of  the  original  topics  has  subdi- 
vided so  that  the  main  subjects  have  grown  in  number.  This  is 
well  illustrated  in  our  studies  on  the  weathering  of  coal.  As  the 
facts  accumulated  in  that  work,  it  very  soon  became  evident  that 
an  initial  loss  of  heat  values  occurred  in  the  first  few  days  after 
release  ©f  the  coal  from  the  seam,  which  could  not  be  credited  to 
oxidizing  conditions.  This  naturally  led  to  the  study  of  the  topic 
which  we  have  for  convenience  designated  the  Deterioration  of 
Coal,  because  it  is  not  strictly  a  weathering  process.  A  prelimi- 
nary report  on  this  phase  was  made  in  Bulletin  No.  17  of  the 
Engineering  Experiment  Station.  Additional  information  on 
this  topic  was  also  published  in  an  article  contributed  to  the 
Journal  of  the  American  Chemical  Society,^  showing  conclusively 
the  fact  that  a  positive  exudation  of  combustible  gases  occurs  in 
freshly  mined  coal.  From  the  development  of  this  fact  there  nat- 
urally arose  the  necessity  of  inaugurating  an  iudependent  series 
of  experiments  which  has  resulted  in  this  special  study  of  the 
occluded  gases  in  coal. 

Another  subdivision  of  the  work  on  weathering  naturally 
arose  in  connection  with  the  storage  of  coal.  For  a  complete  un- 
derstanding of  all  phases  of  this  topic  it  seemed  essential  that  we 
add  to  our  information  concerning  the  causes  underlying  spon- 
taneous combustion.  As  a  means  for  promoting  this  latter  end  it 
was  thought  that  a  study  of  the  occluded  gases,  their  composition, 


1  Bulletin  No.  17.  Univ.  of  111.  Kng.  Exp,  Sta. 

2  HuUetin  No.  24.  Univ.  of  111.  Engr.  Exp.  Sta. 
•■^  Trans.  Am.  Inst.  Min.  Enters.,  July.  1907. 

■»  Jour.  Am.  Chem.  Soc.  Vol.  28.  p.  1425. 
'■>  University  Studies.  Vol.  1.  No.  7. 
•JJour.  Am.  Chem.  Soe..  Vol.  30.  p.  1027. 
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behavior,  interreactions,  etc.,  would  contribute  much  needed  in- 
formation upon  this  very  important  point.  Some  of  the  results 
presented  herewith  bear  upon  this  topic  in  quite  an  unexpected 
manner,  and  particular  attention  is  called  in  the  accompanying 
tables  to  the  marked  avidity  of  coal  for  oxygen. 

Again,  it  is  an  interesting  fact  to  note  that  in  the  studies  as 
outlined  in  Bulletin  No.  24  on  the  low  temperature  distillation  of 
coal,  a  subdivision  of  that  topic  came  about  as  a  natural  result  of 
certain  experiments  which  indicated  an  unexpectedly  low  temper- 
ature at  which  active  oxidation  was  effected.  A  detailed  study 
was  therefore  made  of  oxidation  conditions,  the  temperatures  at 
which  chemical  action  was  set  up,  and  the  relation  between  the 
external  temperature  and  the  speed  of  such  reactions.-^  The  fact 
was  soon  developed  that  oxidation  took  place  at  much  lower  tem- 
peratures than  had  been  supposed.  It  is  very  evident,  therefore, 
from  a  simple  statement  of  these  facts  that  we  have  developed 
still  another  independent  topic  as  a  result  of  the  study  of  oxida- 
tion temperatures  on  one  hand  and  the  experiments  connected 
with  the  occluded  gases  on  the  other.  This  work  has,  therefore, 
been  taken  up  under  the  heading  of  Spontaneous  Combustion. 
Here,  it  will  be  noted,  the  behavior  of  the  occluded  gases  plays 
an  important  part,  and  it  was  believed  that  the  facts  which  might 
develop  from  such  a  study  would  contribute  materially  to  our  un- 
derstanding of  oxidation  in  this  more  active  form.  Already  the 
results  of  this  line  are  beginning  to  give  promise  of  information 
which  will  be  of  special  value,  and  will  at  least  contribute  to  a 
better  understanding  of  this  difficulty,  if  indeed  there  will  not 
develop  practical  suggestions  as  to  methods  for  avoiding  the 
danger  and  loss  attending  the  firing  of  coal  in  storage.  It  is 
hoped  that  this  work  will  be  sufficiently  advanced  to  warrant  at 
least  a  preliminary  report  during  the  current  year. 

Concerning  the  work  here  outlined  on  the  occluded  gases,  it 
should  be  said  that  the  study  is  not  to  be  considered  by  any 
means  complete.  The  facts  obtained  make  a  well  rounded  unit, 
as  a  preliminary  study,  and  since  a  considerable  time  must  elapse 
before  the  final  round  of  work  can  be  completed,  it  has  seemed 
advisable  to  publish  the  results  that  have  been  thus  far  worked 
out  with  much  skill  and  patience  by  Mr.  Barker. 


1  Bulletin  No,  24.  Univ.  of  111.  Eng.  Exp.  Sta. 
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Provision  has  been  made  by  the  Engineering  Experiment 
Station  for  again  taking  up  this  work. 

Thanks  are  due  also  to  Dr.  H.  Foster  Bain,  Director  of  the 
Illinois  State  Geological  Survey,  for  cooperation  in  this  and  the 
other  investigations  on  Illinois  coal.  It  is  directly  due  to  assist- 
ance from  these  two  sources  that  the  coal  studies  carried  on  in 
this  laboratory  have  been  made  possible. 

II.     Bibliography 

All  varieties  of  coal,  as  well  as  peat,  are  known  to  contain 
occluded  or  mechanically  enclosed  gases.  Their  nature  and 
amount  are  dependent  upon  the  structure  and  age  of  the  coal  and 
the  conditions  of  weathering  to  which  it  has  been  exposed.  A 
large  part  of  these  gases  escapes  when  the  coal  is  first  exposed  in 
the  seam.  At  times  the  immense  volume  and  explosive  or  poi- 
sonous nature  of  the  escaping  nitrogen,  carbon  dioxide,  and  me- 
thane derivatives,  make  it  either  dangerous  or  impossible  to  mine 
the  coal.  However,  a  portion  is  retained  within  the  coal  only  to 
be  given  up  by  continued  exposure  and  at  increased  temperatures. 

Within  the  past  thirty  years  numerous  investigations  of  the 
character  of  the  gases  occluded  in  European  coals  have  been  made. 
The  first  investigation  of  this  sort  was  conducted  by  Websky^,  who 
made  an  examination  of  the  gases  evolved  by  peat. 

He  found  this  gas  to  consist  of  nitrogen,  53.67;  carbon  dioxide, 
2.97;  and  methane,  43.36.  Later,  Von  Meyer^  made  quite  an  ex- 
tensive examination  of  various  German  coals.  The  method  of  ex- 
traction in  these  experiments  was  as  follows.  The  coal  in  nut- 
sized  pieces  was  placed  in  a  flask  and  covered  with  freshly  boiled 
water.  The  flask  was  securely  stoppered  with  a  rubber  cork,  hav- 
ing an  outlet  to  a  bell  for  collecting  the  gas.  On  heating,  the  gas 
enclosed  in  the  coal  was  given  off  and  replaced  a  corresponding 
volume  of  water  in  the  collector.  The  first  series  of  experiments 
was  upon  Zwickan  coal,  both  in  the  fresh  state  and  after  exposure, 
as  shown  in  Table  I. 


1  Jour,  prakt.  Chemie.,  Vol-  92.  p.  76,  (1864). 

2  Jour,  prakt.  Chemie..  Vol-  5.  p.  144.  (1H72). 
Abs.  Jour.  Chcni.  Soc.  Vol.  10.  p.  798.:(1872) 
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TABLE  I 

Gases  in  Zwickan  Coal 

I,  III,  and  V,  coal  fresh  from  seam. 
II    same  as  I,  weathered  for  5  years. 
IV        "      "  III,        "  "    U  years. 


I 

II 

III 

IV 

V 

VI 

Fresh 

Weathered 

Fresh 

Weathered 

Fresh 

Weathered 

Vol.  per  100  g. 

38.00 

18.20 

25.50 

18.60 

52.80 

13.60 

CO2 

2.42% 

16.70% 

4.02% 

2.25% 

.60% 

7.62% 

0 

2.51 

4.90 

.62 

.70 

.0 

2.44 

C2H4 

1.47 

.96 

CH4 

71.90 

3.17 

45.00 

73.16 

51.40 

15.88 

C2H6 

18.61 

22.35 

N 

23.17 

55.15 

50.36 

23.89 

48.00 

50.75 

A  series  of  coal  from  Bochum,  both  fresh  and  weathered,  was 
also  examined,  with  results  as  shown  in  Table  II. 

TABLE  II 

Gases  in  Bochum  Coal 


I 

II 

III 

IV 

V 

VI 

Fresh 

Weathered 

Fresh 

Weathered 

Fresh 

Weathered 

Vol.  per  100  g. 

50.6 

43.2 

43.3 

41.2 

59.2 

43.6 

CO2 

4.87% 

11.12% 

2.18% 

15.84 

4.82% 

7.68% 

0 

2.66 

2.88 

2.12 

3.06 

1.99 

2.24 

CH4 

16.65 

7.40 

25.19 

.  6.57 

31.57 

3.31 

N 

75.82 

78.60 

70.51 

74.53 

60.62 

86.77 

VII 

VIII 

IX 

X 

XI 

XII 

Fresh 

Weathered 

Fresh 

Weathered 

Fresh 

Weathered 

Vol.  per  100  g. 

54.4 

39.2 

54.5 

39.6 

42.0 

36.4 

CO2 

1.30% 

4.35% 

2.02% 

2.15% 

3.72% 

8.49% 

0 

1.60 

3.35 

.90 

3.14 

.39 

3.57 

CH4 

30.25 

11.12 

10.65 

3.43 

5.70 

.0 

N 

66.85 

81.18 

86.43 

91.28 

90.19 

87.94 

The  author  notes  the  increase  in  the  ratio  of  nitrogen  content 
over  that  of  ordinary  air.  He  maintains  that  the  nitrogen  has 
been  enclosed  in  the  coal  during  its  formation,  that  a  part  results 
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from  the  reactions  in  the  formation,  and  that  another  part  is  due 
to  the  air  taken  into  the  material  of  the  coal,  this  last  portion  be- 
ing the  residue  from  the  air,  the  oxygen  having  been  absorbed  by 
the  coal  with  the  formation  of  water  and  CO2.  He  refers  to  the 
recent  study  upon  the  oxidation  of  coal  by  Richter,^  who  main- 
tains that  the  resulting  compound  is  principally  water,  while  only 
comparatively  small  amounts  of  CO2  were  formed.  This  theory 
seems  to  be  borne  out  by  the  above  analyses  in  which  the  CO2  has 
never  completely  replaced  the  oxygen  of  the  air.  It  is  also  noted 
that  one  of  these  coals,  very  high  in  sulphur,  gave  high  CO2, 
which  is  in  accordance  with  Richter's"  statement,  that  increase  in 
the  content  of  pyrite,  facilitates  the  absorption  of  oxygen.  The 
presence  of  higher  hydrocarbons  of  the  methane  series,  also  ethy- 
lene, indicates  a  possible  rise  in  temperature  wifchin  the  coal 
during  exposure,  due  to  the  absorption  of  oxygen  with  a  result- 
ing destructive  distillation. 

Later,  this  same  author^  has 'investigated  a  number  of  English 
coals.  He  found  in  none  of  these  any  gases  absorbable  by  fuming 
sulphuric  acid,  and  methane  was  the  predominating  combustible 
gas.  O.  Kolbe,*  in  the  same  year,  reported  several  analyses  of 
lignites.  Von  Meyer  has  also  made  a  second  series  of  investiga- 
tions on  German  coals. '^ 

In  1875  Thomas^  began  extensive  tests  upon  the  gases  oc- 
cluded in  English  coals.  He  devised  an  entirely  different  method 
for  removing  the  gases.  The  coal  was  placed,  in  one  large  piece, 
in  a  glass  tube  which  was  sealed  to  a  Sprengel  mercury  pump. 
When  a  vacuum  had  been  established,  the  tube  containing  the 
coals  was  immersed  in  water  at  100°  C,  and  the  gases  removed  by 
the  pump.  The  rapidity  of  evolution  of  the  gas  depends  upon 
the  hardness  of  the  coal  and  the  quantity  contained.  The  follow- 
ing table  gives  the  results  of  Thomas's  tirst  series  of  experiments. 


iChem.  Centralblatt,  1870,  p.  245.  543. 

2Chem.  Centralblatt.  1870.  p.  543. 

3  Jour.prakt.  Chemie.,  Vol.  6.  p.  407.  (1872). 

Abs.  Jour.  Chem.  Soc. ,  Vol-  10.  p.  801 . 
4 .Tour,  prakt.  Chemie..  Vol.  6.  p.  79.  (1873). 
''•Jour,  prakt.  Chemie..  Vol.  6.  p.  389.  (1873)- 
6 Jour.  Chem.  Soc.  Vol.  13,  p.  793.  (1875). 
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TABLE  III 
Gases  in  English  Coals 


Cc.  per 
100  grams 

CO2 

0 

CH4 

N 

1 

Bituminous 

55.9 

36.42% 

.80% 

.00% 

62.78% 

2 

u 

61.2 

16.77 

2.72 

.40 

80.11 

3 

(( 

55.1 

5.44 

1.05 

63.76 

29.75 

4 

Semi-bituminous 

73.6 

12.34 

.64 

72.51 

14.51 

5 

Steam  coal 

194.8 

5.04 

.33 

87.30 

7.33 

6 

u 

250.1 

13.21 

.49 

81.64 

4.66 

7 

u 

218.4 

5.46 

.44 

84.22 

9.88 

8 

u 

147.4 

18.90 

1.02 

67.47 

12.61 

9 

u 

375.4 

9.25 

.34 

86.92 

3.49 

10 

u 

149.3 

11.35 

.56 

73.47 

14.62 

11 

1( 

215.4 

5.64 

.54 

82.70 

11.12 

12 

u 

24.0 

22.16 

6.09 

2.68 

69.07 

13 

u 

39.7 

9.43 

2.25 

31.98 

56.34 

14 

u 

555.5 

2.62 

93.13 

4.25 

15 

(( 

600.6 

14.72 

84.18 

1.10 

The  second  series  of  analyses  of  Thomas  was  on  the  gases 
evolved  from  fans  or  "blower  gas".  Some  previous  work-^  has 
been  done  upon  this  class  of  gases  and  Thomas's  work  confirmed 
these  results.  Most  of  these  samples  contained  between  94  and  97 
per  cent  of  methane. 

In  another  publication  Thomas^  gives  the  results  of  the  ex- 
amination of  samples  of  lignites.  He  concludes,  as  in  the  case  of 
a  previous  author,^  that  lignites  oxidize  readily  and  always  contain 
a  small  percentage  of  CO. 


1  Bischof,  Edinburgh  New  Phil.  Jour.  Vol,  29,  p.  39. 
Bunsen,  Petersburg  Akad.  Bull,  Vol.  14,  p,  59. 
Playfair,  Memoirs  of  the  Chemical  Soc. ,  Vol.  2.  p.  7, 
Graham,  Memoirs  Geol,  Sur.  Gt.  Britain,  Vol.  1,  p.  < 

2  Jour.  Chem.  Soc,  Vol.  17,  p.  146,  (1877). 

^  Varrecropp,  Chem.  Centralblatt,  1865,  p.  953. 


Vol.  30.  p.  127,  (1840). 
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TABLE    IV 


Gases  Present  in  Lignites 


I    Bohemian  ligriite 
II    Earthy  hgnite 


III  Bovey  Heathfield  lignite  (at  100°  C.) 

IV  Mineral  resin 


I 

II 

III 

IV 

Vol.  per  100  g. 

59.9 

21.4 

CO2 

96.41% 

83.99% 

89.53% 

88.24% 

0 

.32 

.65 

.23 

CO 

1.20 

1.04 

5.ii 

7.90 

CH4 

trace 

.33 

.47 

N 

2.17i 

14.91 

5.03 

3.16 

I 


1  Adds  to  100.10  percent  in  the  original  manuscript. 

A  series  of  experiments  by  Thomas  on  cannel  coals  and  jets 
was  reported^  in  the  same  year. 


TABLE    V 

Analyses  of  Contained  Gases  in  Cannel  Coals  and  Jet 

I    Wigan  cannel  coal  IV    Scotch  cannel  coal 

II         "  "        "  V    Whitehill  cannel  shale 

III    Scotch      "        "  VI    Whitby  jet 


II 


III 


IV 


VI 


Vol.  per  100  g. 

42.13 

35.06 

16.80 

55.70 

55.70 

30.20 

CO2 

6.44% 

9.05% 

53.94% 

84.55% 

68.75% 

10.93% 

CH4 

80.69 

77.19 

C2H6 

4.75 

7.80 

2.67 

C4H10 

.91* 

86.90 

N 

8.12 

5.96 

46.06 

14.54 

28.58 

2.17 

*C3H8 

The  noticeable  feature  in  the  gases  extracted  from  these  can- 
nel coals  is  the  high  percentages  of  C2HG  and  the  absence  of 
oxygen. 

Bedson"  has  reported  the  first  analyses  upon  the  gases  ex- 
tracted from  coal  dusts  and  found  that  they  showed  a  general 
resemblance  to  those  removed  from  coal  and  that  all  the  combus- 


2  Jour.  Chem.  Soc.  Vol.  15.  p.  144.  (1870). 

•5 Trans.  North  of  P]ng.  Inst.  Min.  &  Mech.  Engr..  Vol.  37.  p.  245.  (1888). 
Abs.  Jour.  Soc.  C'heni.  Ind.,  Vol.  7.  p.  729.  Ue'88). 
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tible  constituents  consisted  of  olefiant  ^ases  and  methane  deriv- 
atives. 

Several  years  later  Bedson^  published  results  of  amounts  of 
gas  given  off  when  coals  were  heated  to  100°C.  for  100  hours. 
Fine  coal  gave  about  300  cu.  ft.  of  gas  per  ton  and  of  this  gas 
one-sixth  was  CH4.  Upon  reducing  these  samples  further  to  dust, 
more  gas  (20  cu.  ft.  per  ton)  was  given  off,  of  which  18  per  cent 
was  CH4. 

McConnell'-  investigated  several  seams  of  English  coals  as  to 
their  content  of  enclosed  gases.  Particular  attention  was  paid 
to  the  nature  of  the  paraffin  hydrocarbons  extracted  from  these 
coals.  One  of  these  analyses  from  a  mine  where  an  explosion  had 
recently  taken  place  showed  CO2,  1.7,  0,  1.0;  methane,  88.7;  nitro- 
gen, 8.7.  The  author  concludes  that  the  deeper  seams  yield  coals 
containing  combustible  gas  and  CO2  while  the  younger  ones  con- 
tain more  CO2  and  less  combustible  gases. 

Broockmann^  criticizes  the  results  of  Bedson  and  McConnell, 
saying  that  explosions  of  dust  are  not  dependent  upon  the  gase- 
ous content  of  the  same.  He  also  states  that  rubber  stoppers 
will  not  stand  a  vacuum,  thereby  diluting  the  gas  with  the  pro- 
ducts of  reactions  at  high  temperatures  between  the  air  that  has 
leaked  in  and  the  coal. 

Bedson^  has  replied  to  Broockmann's  criticism  and  maintains 
that  his  apparatus  was  air-tight,  as  all  rubber  joints  were  coated 
with  a  vacuum- proof  cement.  He  also  states  that  the  Austrian 
Fire-damp  Commission  has  corroborated  his  statements  in  regard 
to  the  relation  of  enclosed  gases  to  the  inflammable  nature  of 
dusts.  The  author  notes  the  absorption  of  oxygen  by  samples 
exposed  in  the  laboratory,  and  in  this  way  accounts  for  the  high 
oxygen-nitrogen  ratio  in  some  of  his  samples. 

The  latest  experimental  work  upon  gases  occluded  in  coal 
has  been  conducted  by  Trowbridge,^  who  compared  the  gases  in 
fresh  coal,  "mother  of  coal",  surface  dust,  and  dust  from  timbers. 
He  concludes  that  his  data  show  the  absorption  of  gases  from  the 


Jour.  Soc  Chem.  Ind.  Vol.  11,  p.  882,  (1892). 
2  Jour.  Soc.  Chem.  Ind.  Vol.  13,  p.  25,  (1894). 
^  Trans.  North  of  Eng.  Inst.  Min.  &  Mech.  Eng.  Vol-  52.  p.  16.  (1902). 

Abs.  Jour.  Soc.  Chem.  Ind. ,  Vol.  22.  p.  86.  (1903). 
4  Trans.  North  of  Eng.  Inst.  Min.  &  Mech.  Eng..  Vol.  52.  p.  25,  (1902). 

Abs.  Jour.  Soc.  Chem.  Ind..  Vol.  22.  p.  86.(1903). 
6  Jour.  Soc.  Chem.  tnd..  Vol.  25.  p.  1129,  (1906). 
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air,  preferably  oxygen.     Two  analyses  of  fresh  and  exposed  coal 
are  given. 


Fresh 


CO2 

O 

CH4 

N 


Exposed 


1.18% 
23.80 

3.58 
71.44 


Clark^  upon  summing  up  most  of  the  data  upon  this  subject 
comments  upon  the  inability  to  make  any  comparisons  of  the 
results  at  hand,  as  all  samples  represented  some  loss  in  transit 
from  mine  to  laboratory.  Of  course  this  loss  is  dependent  upon 
the  structure  of  the  coal  and  upon  the  time  occupied  in  transit. 

In  view  of  the  fundamental  relation  it  bears  to  a  fuller  under- 
standing of  the  subject  of  alterations  in  coal,  whether  in  transit 
or  storage,  this  study  of  the  composition,  behavior,  and  reactions 
of  the  occluded  gases  has  been  undertaken. 


III.     Scope  of  Experimental  Work 

The  experimental  work  may  be  conveniently  described  under 
the  following  headings: 

1.  The  construction  of  apparatus  for  evacuating  the  samples. 

2.  The  construction  of  apparatus  for  exact  gas  analysis. 

3.  The  construction  of  apparatus  for  collecting  samples  and 
devising  methods  for  making  collections  of  coal  and  the  occluded 
gases. 

4.  The  analysis  of  the  last  portion  of  air  and  enclosed  gases 
in  several  samples  of  coal  that  had  been  exposed  outside  for 
periods  varying  from  two  to  fifteen  months. 

5.  The  analysis  of  the  last  portion  of  air  and  the  enclosed 
gases  in  four  sections  of  a  vertical  core  cut  from  a  pile  of  screen- 
ings that  had  been  exposed  outside  for  fifteen  months. 

6.  The  analysis  of  the  gas  that  had  surrounded  samples 
kept  in  jars  for  a  year;  these  samples  had  been  previously  kept 
sealed  tight  for  one  year,  then  were  transferred  to  separate  jars. 

7.  The  analysis  of  gas  that  surrounded  samples  that  had 
been  sealed  as  soon  as  they  came  from  the  mine. 


i  Bull.  U.  S.  Geol.  Surv..  No.  330.  p.  660. 
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8.  The  analysis  of  the  last  portion  of  air  and  the  enclosed 
gases  from  a  set  of  samples  of  drillings  sealed  at  the  mines. 

9.  The  analysis  of  the  last  portion  of  air  and  the  enclosed 
gases  from  a  set  of  face  mine  samples  that  had  been  stored  in  the 
laboratory  for  two  years.  This  set  of  samples  corresponded  as  to 
mine  location  with  the  set  described  in  (8). 

10.  Miscellaneous  analyses  of  gases  from  samples  used  for 
experiments  upon  the  absorption  of  oxygen  by  coal. 

IV.    Description  and  Manipulation  of  Apparatus 

The  apparatus  used  for  the  removal  of  the  occluded  gases 
from  the  samples  of  coal  consisted  of  a  modified  form  of  the  Bolt- 
wood  mercury  air  pump,  as  used  by  Cady  and  McFarland^  in  the 
determination  of  helium  in  natural  gas,  and  is  shown  in  Fig.  1. 
>4  is  a  side  neck  funnel  for  holding  mercury.  5  is  a  stopcock  to 
regulate  the  feed  of  the  mercury  flowing  from  A  through  G  and 
producing  a  vacuum  through  G,  H,  etc.  Z)  is  a  300  cc.  bell  jar 
supplied  with  a  stopcock  and  is  used  to  collect  the  gases  brought 
down  through  G by  the  mercury  column.  E  is  the  outlet  of  the  tube 
for  the  return  lift  for  the  mercury.  L  is  the  overflow  hole  in  the 
mercury  tank  M  and  keeps  E  from  becoming  sealed  during  the 
operation  of  the  pump.  F  is  the  return  lift  to  the  reservoir  A, 
which  is  connected  to  an  ordinary  filter  pump  through  K.  G  is  a> 
drying  U-tube  of  alternate  lengths  of  phosphorus  pentoxide  (P2O6) 
and  glass  wool  having  ground  glass  joints  to  G  and  H^  the  latter 
being  a  drying  tower  of  calcium  chloride.  At  /,  the  outlet  tube 
to  H,  a  wide  end  is  made  in  the  tubing  to  admit  the  constricted  tips 
of  the  coal  sample  containers  of  which  t/is  a  representation.  This 
joint  at  I  is  made  with  rubber  resin  (Khotinsky)  cement.^  In 
operating  the  pump  the  stopcock  N  is  closed  and  0  is  opened  so 
that  the  train  G  and  ^can  be  completely  evacuated  before  any  gas 
from  the  coal  container  is  admitted.  Mercury  is  allowed  to  flow 
from  A  through  G  and  out  into  31,  the  amount  being  regulated  at 
the  cock  B.  While  the  train  is  being  evacuated,  D  is  left  empty 
with  the  stopcock  open  or  is  removed  altogether.  As  31  fills,  the 
suction  at  K  draws  mercury  from  the  surface  at  E  and  returns  it 
to  the  reservoir  A.     Should  the  mercury  come  through  (7  too  fast, 


1  Jour.  Amer.  Chem  Soc,  Vol.  29,  p.  1523.  (1907) 

2  Jour.  Amer.  Chem.  Soc,  Vol.  30.  p.  20.  (1908). 
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a  seal  will  be  formed  at  E.  To  prevent  this  an  overflow  is  pro- 
vided at  L,  and  E  is  so  regulated  that  it  is  on  a  level  with  the  low- 
est point  of  L.  In  order  to  further  prevent  a  stoppage  at  E,  the 
mouth  of  this  tube  was  filled  with  fine  iron  wire  at  first,  but  later 
a  constriction  was  made  at  the  bend  U  and  this   kept  too  much 


Pig.   1 


mercury  from  passing  up  at  a  time.  Wlien  a  vacuum  had  been 
produced  in  the  train,  a  solid  column  remained  in  V  and  after 
shutting  off  the  pump  connected  to  K,  the  column  1'  should  read 
within  1  or  2  millimeters  of  barometric  height.  The  scale  S 
facilitated  the  taking  of  barometer  readings,  as  it  was  graduated 
in  millimeters  above  the  outlet  into  the  tank  M.  The  bell  jar  D 
is  now  filled  with  mercury  by  pouring  into  M  and  applying  the 
filter  pump  to  the  outlet  of  D  at  0.     After  completely  tilling  the 
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holder  D  the  mercury  pump  is  again  started  and  N  is  opened  to 
allow  the  gas  from  J  to  be  removed.  As  this  gas  comes  down  V, 
it  collects  and  displaces  mercury  in  D.  When  the  column  shows 
approximately  barometric  height  on  S^  the  pump  is  stopped  and 
the  gases  are  transferred  from  D  and  analyzed. 

The  apparatus  used  for  gas  analysis  consisted  of  a  regular 
set  of  Hempel's  pipettes  using  an  explosion  pipette  for  hydrocar- 
bons. All  volumes  of  gas  were  measured  by  means  of  the 
Hempel^  compensating  burette  shown  in  Fig.  2.  The  arrange- 
ment and  operation  of  this  burette  are  described  by  Hempel  as 
follows: 

"The  instrument  consists  of  the  graduated  measuring  tube  A, 
the  correction  tube  B,  the  manometer  tube  F,  and  the  level  bulb 
G.  The  measuring  tube  and  leveling  bulb  are  mounted  in  suit- 
able iron  feet.  The  measuring  tube  and  the  correction  tube  stand 
in  the  wide  glass  cylinders  (7,  which  are  filled  with  water  to  in- 
sure that  these  two  tubes  are  at  all  times  at  the  same  tempera- 
ture   

"The  correction  tube  B  and  the  manometer  tube  F  are  made 
from  simple  glass  tubes  fused  together  in  the  form  shown  in  the 
cut;  gf  is  a  small  capillary  tube.  The  manometer  tube  is  U-shaped, 
and  is  somewhat  widened  at  k  and  i,  these  two  widened  portions 
having  marks  scratched  on  the  glass  at  exactly  the  same  height. 
The  manometer  tube  is  joined  to  the  measuring  tube  by  means  of 
a  piece  of  rubber  tubing  connecting  the  end  of  the  capillary  I  with 
the  tube  a  of  the  stopcock.  The  reason  for  making  the  manome- 
ter tube  so  long  lies  in  the  fact  that  otherwise,  if  the  apparatus  is 
carelessly  handled,  the  mercury  might  easily  be  driven  from  the 
manometer  tube  into  the  burette  or  the  correction  tube.  With 
the  arrangement  shown  in  the  figure  this  is  almost  impossible, 
since  the  difference  in  pressure  must  be  more  than  half  an  atmos- 
phere before  the  mercury  can  pass  over  into  either  tube 

"Before  proceeding  with  the  analysis,  the  volume  of  the  man- 
ometer tube  from  the  mark  Tc  to  the  point  a  must  be  ascertained. 
To  do  this,  draw  over  the  mercury  in  the  manometer  until  it 
reaches  a,  then  turn  the  stopcock  D  to  connect  with  the  capillary 
&,  and  now  draw  any  desired  volume  of  air  into  the  burette. 
Leaving  the  stopcock  open,  read  off  this  volume  of  air  on  the 
scale  of  the  burette,  the  air  here  being,  of  course,  under  the  pre- 

1  Hempel,— Dennis,  Gas  Analysis,  3rd  Edition,  p.  60. 
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Fig.  2 

vailing  pressure  of  the  atmosphere.  Turn  stopcock  D  so  that  the 
burette  communicates  with  the  manometer  tube,  and  drive  the  air 
over  into  this  latter  tube  until  the  mercury  in  it  stands  at  equal 
height  in  its  two  branches;  that  is,  at  the  marks  on  A-  and  /.  The 
difference  between  the  two  readings  on  the  measuring  tube,  pro- 
vided the  tube  r/  remains  open,  gives  the  ^^olume  of  the  manome- 
ter from  the  mark  on  A-  up  to  « 

"In  many  cases  it  is  highly  desirable  to  arrange  the  appara- 
tus so  that  the  reading  on  the  measuring  tube  A  corresponds  di- 
rectly to  volumes  at  0°  C.  and  TOO  mm.  pressure.  To  accomplish 
this,  a  piece  of  rubber  tubing  is  slipped  over  the  end  of  the  capil- 
lary tube  g  and  fastened  firmly  in  place  by  a  wire  ligature.      By 
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lowering  the  level-bulb,  mercury  is  drawn  over  into  the  manome- 
ter tube  until  it  reaches  the  capillary  ^,  and  the  burette  is  then 
allowed  to  stand  for  two  hours  in  a  room  of  fairly  constant  tem- 
perature. The  stopcock  D  is  then  opened  so  that  the  contents  of 
the  burette  are  in  free  communication  with  the  atmospheric  air. 
As  soon  as  one  is  convinced  that  all  parts  of  the  apparatus  are  at 
the  same  temperature,  the  gas  volume  in  the  burette  is  read  ex- 
actly, and  the  temperature  and  barometric  pressure  are  noted. 
The  thermometer  and  barometer  should  stand  in  the  same  room 
with  the  apparatus.  The  stopcock  D  is  closed  and  the  volume 
which  the  gas  would  occupy  at  0°  C.  and  760  mm.  barometric 
pressure  is  now  calculated. 

Example:  The  gas  volume  is  97  ccm.,  the  barometric  pres- 
sure 753.3  mm.  and  the  temperature  8.75°  C.  The  space  from  k  to 
a  in  the  manometer  has  previously  been  determined  and  found  to 
be  1.8  ccm.     The  tension  of  the  water  vapor  at  8. 75°  C.  is  8.4  mm. 

"If  h  represents  the  observed  barometric  pressure,  i  the  tem- 
perature, e  the  tension  of  water  vapor  at  that  temperature,  and 
Fthe  observed  volume,  the  volume  Fo  which  the  gas  would  oc- 
cupy under  standard  conditions  may  be  calculated  from  the  follow- 
ing formula: — 

Y,  =  V ^-^^-^ 

"  760  (1  +  0.00367  t) 

In  the  above  example  this  volume  is  92.1  ccm. 

Since,  however,  in  making  measurements  with  the  correction 
tube,  the  gas  fills  the  space  from  k  to  a,  this  volume  must  be  sub- 
tracted from  the  above  results: — 

92.1  —  1.8  =90.3  ccm. 

**In  order  now  to  adjust  the  gas  volume  in  the  correction  tube 
so  that  readings  of  volumes  in  the  burette  will  be  reduced  at  once 
to  standard  conditions,  the  stopcock  D  is  turned  so  that  the  bur- 
ette communicates  with  the  manometer  tube,  and  the  gas  volume 
in  the  burette  is  compressed  by  raising  the  level-bulb  G  to  the 
volume  which  it  has  been  calculated  that  it  would  occupy  at  0°  C. 
and  760  mm.  pressure.  The  mercury  in  the  manometer  tube  is, 
of  course,  forced  out  of  equilibrium  by  this  operation.  Air  is  now 
blown  into  the  correction  tube  through  the  rubber  tube  at  g 
until  the  mercury  stands  at  the  same  height  in  the  two  branches 
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of  the  manometer  tube,  and  the  rubber  tube  is  then  closed  by 
means  of  a  strong  pinchcock  placed  directly  above  the  end  of  g.''* 

In  reading  the  volumes  of  gas  in  the  burette,  the  mercury 
was  always  drawn  over  to  a  and  left  there  while  an  absorption 
was  being  made.  The  extra  stopcock  M  does  away  with  any  cor- 
rection for  the  connection  capillary  tube  S.  Whatever  absorbent 
is  to  be  used  is  driven  up  from  the  pipette  through  S  to  x.  M  is 
then  turned  so  that  it  connects  with  &,  the  gas  being  driven 
through  S  into  the  pipette.  On  returning,  the  absorbent  is 
brought  up  to  x  and  J/ and  D  are  closed.  The  level  at  k  and  i  is 
established  and  the  volume  read.  To  all  readings  the  volume 
from  k  to  a  must  be  added  to  get  the  total  gas  in  the  burette.  M 
is  now  turned  so  that  the  solution  in  *S'  can  be  washed  out  through 
Y  and  the  next  absorbing  pipette  is  attached. 

The  containers  for  samples  consisted  of  the  flasks  such  as  J, 
Fig.  1,  Putman  fruit  jars  and  Mason  fruit  jars.  All  the  samples 
for  removal  of  enclosed  gases  were  placed  in  flasks  (J).  These 
were  300  cc.  fractionating  flasks  with  a  stopcock  at  the  outlet.  As 
soon  as  the  sample  was  placed  in  this  flask,  the  stopcock  was 
closed  and  a  rubber  stopper  coated  with  the  Khotinsky  cement 
was  sealed  in  at  the  mouth.  The  stopcocks  on  all  the  apparatus 
used  in  this  were  lubricated  with  a  special  mixture  of  16  parts  of 
vaseline,  L  part  of  paraffin,  and  8  parts  of  pure  rubber,  maintained 
at  a  temperature  of  350  to  400°  for  several  hours. -^  The  Put- 
nam jars''^  were  used  for  all  samples  from  which  the  surrounding 
gas  was  to  be  removed  by  displacement.  These  were  inverted 
and  opened  in  a  tank  of  water,  saturated  with  CO,,  and  illuminat- 
ing gas,  and  all  gas  contained  therein  was  removed  by  inserting 
a  tube  at  the  mouth  and  pulling  the  gas  into  a  holder  over 
mercury.  The  Mason  jars  were  used  for  submerged  samples.  To 
remove  the  gas  that  adhered  to  the  coal  under  water,  the  tops 
were  removed  and,  as  the  gas  was  dislodged  upon  agitating  the 
jars,  it  was  collected  in  a  bell  jar,  inverted  over  the  top  of  the 
container. 

V.     Experimental   Data 

The  first  set  of  experiments  in  connection  with  the  study  of 
the  occluded  gases  in  Illinois  coal  consisted  of  the  examination  of 


1  Jour.  Amer.  Chem.  Soc.  Vol.  20.  p.  1725. 
2 Univ.  of  Ill.Enff.  Exp.  Sta.  Bull.  17.  p.  34. 
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a  vertical  section  from  a  pile  of  li  inch  screenings  that  had  been 
exposed  outside  for  5  months.  At  the  time  of  collection,  this  pile 
had  been  smoldering  for  two  months.  Five  days  before  taking 
the  samples  it  had  been  wetted  down.  A  core  7  in.  in  diameter 
and  about  85  in.  long  was  cut  vertically  from  the  pile  by  means 
of  the  cylindrical  sampler.  As  the  sampler  went  through  the  pile 
it  was  removed  after  going  down  20  in.,  and  the  contents  were, 
in  each  case,  sampled  separately.  The  samples  were  transferred 
at  once  to  flasks,  as  shown  by  J,  Fig.  1,  and  left  in  contact  with 
the  enclosed  air  for  varying  lengths  of  time  as  shown  in  the  tables. 
The  analyses  of  the  different  sections  are  given  in  Table  VI. 

TABLE  VI 
Gases  in  Coal  from  Smoldering  Screenings 


I    Christian  County  screenings 
First  20  inches  of  pile 

II    Christian  County  screenings 
Second  20  inches  of  pile 

Part  1    Last  Portion  of  Air 


III    Christian   County  screenings 
Third  20  inches  of  pile 

lY    Christian  County  screenings 
Fourth  20  inches  of  pile 


I 

II 

III 

IV 

Time  of  Standing,  days 

2 

1 

1. 

1 

Weight  of  Coal,  grams 

200 

200 

200 

200 

Vol.  of  Gas  at  0°  C.  760  mm. 

56.9 

■59.2 

65.2 

79.9 

Cc.  of  Gas  per  100  grams 

28.45 

29.6 

32.6 

38.95 

CO2 

.7 

.7 

3.2 

3.15 

0 

5.6 

6.1 

4.0 

7.60 

CH4 

.25 

.05 

0. 

0. 

N 

21.90 

22.75 

25.4 

28.20 

Per  cent  by  Volume 

CO2 

2.46 

2.37 

9.32 

7.90 

0 

19.69 

20.61 

12  27 

19.02 

CH4 

.90 

.17 

0. 

0. 

:n 

76.95 

76.85 

78.41 

73.08 
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Part  2    Gas  Kemoved  by  Vacuum 


Time  of  Standing,  days 
Weight  of  Coal,  grams 
Vol.  of  Gas  at  0°  C.  760  mm. 
Cc.  of  Gas  per  100  grams 
CO2 
O 

N 


Per  cent  by  Volume 

CO2 

O 

CH4 

N 


46.25 

11.25 

5.00 

37.50 


TABLE  VII 

Composition  of  Gas  Exuded  from  Fresh  Coal 

I  Lebanon,  Lebanon  City  Coal  Co.,  sealed,  dry. 

II  Lebanon,  Lebanon  City  Coal  Co.,  sealed,  submerged. 

III  Bennett,  Bennett  Mine,  International  Coal  Mining  Co.,  sealed,  dry. 

IV  Bennett,  Bennett    Mine,    International   Coal    Mining    Co  ,   sealed, 

submerged. 
V    O'Fallon,  Mine  No.  2,  St.  Louis  &  O'Fallon  Coal  Co.,  sealed,  dry. 
VI    O'Fallon,  Mine  No.  2,  St.  Louis  &  O'Fallon  Coal  Co.,  sealed,  submerged. 


II 


III 


IV 


Dry    Submerged'    Dry  Submerged 


V  VI 

Dry    Submerged 


Weight  of  Coal,  grams 
Volume  of  Gas  cc.  (a) 

642 
446(6) 

800 
38.8 

648 
442(6) 

800 
29.3 

787 
331(6) 

800 
97.8 

Per  cent  by  Volume 

CO2 

0 

cn4 

0. 

18.50 
0. 

81.50 

0. 

1.87 
55.97 
42.16 

5.88 
7.64 
0. 
86.48 

0. 

1.03 
35.39 
63.58 

.88 
0. 

11.83 
87.29 

0. 

1.08 

90.28 

8.64 

(a)  At  normal  temperature  and  pressure. 

(b)  Total  gas  from  containers. 


In  order  to  study  the  composition  of  the  gas  found  in  certain 
experiments^  to  be  liberated  from  Illinois  coal  and  shown  also  to 
be  combustible,  several  samples  were  collected  from  fresh  seam 


1  Jour.  Am.  Chem.  Soc.  Vol.  30.  p.  102'; 
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faces  and  allowed  to  stand  for  seven  months.  They  were  then 
opened  under  water  and  the  gas  surrounding  the  coal  in  the  con- 
tainers was  collected  by  displacement.  A  similar  set  of  samples 
was  collected  in  jars  which  were  filled  with  water  and  whatever 
gas  had  been  given  off  at  the  end  of  seven  months  was  collected. 
The  results  of  these  two  sets  of  analyses  are  given  in  Table  VII. 
It  is  evident  that  aside  from  the  addition  of  methane  and  car- 
bon dioxide  to  the  ordinary  constitutents  of  air,  a  decrease  in  the 
percentage  of  oxygen  originally  contained  in  the  air  of  the  jars 
has  taken  place.  In  order  to  test  the  extent  of  this  absorption  of 
oxygen,  a  number  of  samples  of  coal  were  placed  in  jars  with 
large  volumes  of  air  equal  to  about  six  to  ten  times  the  several 
volumes  of  coal.  After  being  in  contact  with  the  coal  for  a  year 
the  air  was  collected  by  displacement  and  analyzed.  The  follow- 
ing results  show  the  general  nature  of  the  changes  which  had 
taken  place,  Table  VIII. 

TABLE  VIII 

The  Absorption  of  Oxygen  by  Coal 

I  Springfield,  Sangamon  Mine,  Sangamon  Coal  Co. 

II  Springfield,  Sangamon  Mine,  Sangamon  Coal  Co. 

III  Eldorado,  Mine  No.  8,  O'Gara  Coal  Co. 

IV  Marion,  Chicago  &  Big  Muddy  Coal  Co. 

V  Herrin,  Squirrel  Ridge  Mine,  Chicago  &  Carterville  Coal  Co. 

VI  DuQuoin,  Greenwood,  Davis  Coal  Co. 

VII  Belleville,  Suburban  Coal  Mining  Co. 

VIII  O' Fallon,  Mine  No.  2,  St.  Louis  «&  O'Fallon  Coal  Co. 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

Weight  of  Coal  in  grams 

109 

139 

180 

183 

146 

134 

138 

153 

Total  Volume  of  Gas  En- 

closed in  cc.  at  Normal 

Temperature  and  Pres- 

sure 

873 

849 

816 

814 

843 

853 

850 

837 

Per  cent  by  Volume 

CO2 

.48 

.94 

.68 

1.87 

.25 

1.23 

1.11 

1.62 

0 

.16 

.13 

0. 

0. 

.25 

0.     1     0. 

1.45 

CH4 

0. 

0. 

6.28 

0. 

2.17 

0. 

0. 

0. 

N 

99.36 

98.93 

93.04 

98.13 

97.33 

98.77 

98.99 

96.93 
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These  two  sets  of  analyses  give  some  indication  of  the  nature 
of  the  alterations  that  are  going  on  when  coal  is  exposed,  but  give 
no  information  as  to  the  composition  of  the  gas  remaining  in  the 
coal.  In  addition,  the  samples  were  of  various  sizes  of  coal  that 
had  been  broken  from  the  face  of  the  seam  and  they  had  been 
subjected  to  more  or  less  exposure,  even  though  but  for  short 
periods.  In  order  to  get  coal  closely  representative  of  the  ma- 
terial as  it  occurs  in  the  seams,  a  set  of  samples  of  drill  dust  was 
collected  in  the  following  manner.  As  the  drillings  fell  from  the 
hole,  they  were  collected  in  an  ordinary  half-liter  fractionating 
flask  fitted  with  a  stopcock  at  the  side  tube.  When  the  flask  was 
filled  it  was  sealed  by  a  rubber  stopper  which  was  coated  with 
the  rubber  resin  vacuum  cement.  These  flasks  were  taken  to  the 
laboratory  as  soon  as  possible,  all  the  gases  contained  therein 
were  removed  by  means  of  a  mercury  air  pump  and  were  collected 
over  mercury.  This  portion  of  the  gas  is  designated  in  the  tables 
as  last  air.  The  flasks  were  then  allowed  to  stand  for  several 
days  after  which  they  were  again  connected  with  the  air  pump 
and  any  gas  that  had  been  evolved  was  removed. 

In  order  to  have  some  extreme  types  of  laboratory  weathered 
samples  to  compare  with  the  fresh  drillings,  a  set  of  coals  that 
had  been  used  for  some  previous  tests  was  evacuated  in  the  above 
manner.  These  were  portions  of  mine  samples  about  two  years 
old  and  had  been  quartered,  reduced  to  buckwheat  size,  air-dried 
and  enclosed  in  air-tight  containers.  These  samples  were  trans- 
ferred to  flasks,  as  shown  by  J  in  Fig.  1,  and  evacuated  by  the 
mercury  pump.  The  results  are  given  in  pairs,  the  fresh  drillings 
being  placed  by  the  side  of  the  samples  two  years  in  storage. 
These  two  series  correspond  as  to  location  of  the  mines,  so  com- 
parison of  the  changes  in  the  occluded  gases  can  be  made  hy  in- 
spection of  Table  IX. 

The  striking  feature  of  the  above  table  is  the  large  amount  of 
combustible  gases  liberated  by  the  fresh  drillings.  While  this 
amounts  to  as  much  as  30  cc.  per  100  grams,  in  the  fresh  samples, 
no  such  gases  were  detected  in  the  old  lots.  However,  it  must  be 
understood  that  the  relative  amounts  of  gas  in  coal  from  these 
various  mines  can  not  be  critically  judged  from  these  analyses, 
as  some  of  the  working  faces  have  been  within  short  distances  of 
long  standing  exposures^    Some  idea  of  the  rapidity  of  transpira- 

1  A  universal  sliunlown  in  the  Illinois  ooiil  mines  diirinir  April  and  a  part  of  May.  1908.  made 
it  impossible  to  tret  samples  representative  of  continuous  workings. 
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tion  of  occluded  gases  from  exposed  faces  can  be  gathered  from 
the  following  data. 

As  a  drill  hole  was  driven,  the  dust  from  the  first  2 1  feet  was 
collected  in  one  flask,  while  that  from  the  last  3  feet  was  sealed 
in  a  separate  container.  As  can  be  seen  in  Table  X,  the  sample 
further  from  the  exposed  face  contained  more  occluded  gas  and 
had  less  changes  produced  in  what  did  remain. 

TABLE  IX 

Comparison  of  Gases  from  Coals  of  Different  Exposure  Periods 

I    Springfield,  Sangamon  Mine,  Sangamon  Coal  Co.,  fresh  drillings. 
II    Springfield,  Sangamon  Mine,  Sangamon  Coal  Co.,   face  sample,    2 
years  old. 

III  Herrin,  Squirrel  Ridge  Mine,  Chicago  &  Carterville  Coal  Co.,  fresh 

drillings. 

IV  Herrin,  Squirrel  Ridge  Mine,  Chicago  &  Carterville  Coal  Co.,  face 

sample  2  years  old. 
V    Clifford,  Mine  No.  8,  Big  Muddy  Coal  &  Iron  Co.,  fresh  drillings. 
VI    Clifford,  Mine  No.  8,  Big  Muddy  Coal  «&  Iron  Co.,  face    sample  2 
years  old. 
VII    Marion,  Mine  No.  3,  Peabody  Coal  Co.,  fresh  drillings. 
VIII    Marion,  Mine  No.  3,  Peabody  Coal  Co.,  face  sample  2  years  old. 
IX    Westville,  Mine  No.  44,  Dering  Coal  Co.,  fresh  drillings. 
X    Westville,  Mine  No.  44,  Dering  Coal  Co.,  face  sample  2  years  old. 

Part  1    Last  Portion  of  Air 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

Fresh 

Old 

Fresh 

Old 

Fresh 

Old 

Fresh 

Old 

Fresh 

Old 

Time  of 

Standing, 

days 

►7 

9 

14 

2 

13 

4     ■ 

13 

6 

7 

1 

Weig't  of 

Coal, 

grams 

261 

209 

220 

205       244 

204 

217 

204 

231 

108 

Volume  of 

Gas  cc.  (a) 

141.2 

96.6 

192.1 

33.5 

287.4 

40.6 

160.6 

63.3 

197.2 

38.4 

Cc.  of  Gas 

per  100  g. 

(^) 

54.21 

46.2 

87.4 

16.37 

117.8 

1  9.78 

74.2 

30.97 

85.50 

35.66 

CO2 

2.12 

1.91 

3.37 

1.27 

6.65 

1.23 

3.27 

.54 

10.34 

0. 

0 

2.87 

2.06 

.94 

2.54 

.58 

2.75 

.95 

5.04 

.95 

7.90 

CH4 

12.22 

0. 

18.70 

0. 

28.22 

0. 

1.57 

0. 

19.81 

0. 

N 

37.00 

42.23 

64.05 

12.56 

72.40 

15.81 

68.20 

25.39 

54.40 

27.76 

Per  cent  by 

Volume 

CO2 

3.92 

4.15 

3.86 

7.80 

5.56 

6.80 

4.43 

1.79 

0. 

12.09 

0 

5.30 

4.46 

1.04 

15.50 

.49 

13.80 

1.28 

16.25 

22.20 

1.11 

CH4 

22.53 

0. 

21.79 

0. 

32.44 

0. 

2.12 

0. 

0. 

23.17 

N 

68.65 

91.39 

73.31 

76.70 

61.51 

79.4 

92.17 

81.96 

77.80 

63.63 
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Part  2    Gas  Removed  bv  Vacuum 


I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX        X 

Fresh 

Old 

Fresh 

Old 

Fresh 

Old 

Fresh 

Old 

Fresh    Old 

i 

Time  of 

j 

Standing, 

1 

days 

13 

8 

12 

10 

13 

12 

13 

11 

13 

10 

Weip't  of 

Coal, 

grams 

261 

209 

220 

205 

244 

204 

217 

204 

231 

108 

Volume  of 

Gas  cc.  (a) 

26.9 

14.9 

48.8 

1.9 

76.4 

5.8 

20.4 

20.5 

26.0 

1.1 

Cc.  of  Gas 

per  100  g. 

(b) 

10.31 

7.12    22.18 

1.08 

31.30 

2.84 

9.4 

10.04 

11.26'     1.02 

CO2 

1.84 

2.74 

1.68 

, . . . 

4.63 

.69 

3.18 

2.01 

3.51I       .50 

0 

.50 

.10 

.14 

.29 

.15 

0. 

0. 

.82        .10 

CH4 

6.14 

0. 

19.21 

.... 

22.20 

0. 

.09 

0. 

2.17i     0. 

N 

1.83 

1.27 

1.21 



4.18 

•   1.88 

6.13 

8.03     4.76        .36 

Per  cent  by 

Volume 

CO2 

17.85 

80.50 

7.58':     .... 

14.79 

24.20 

33.84 

20.0 

32.09 

54.60 

0 

4.83 

1..30 

.61 

.92 

5.90 

0. 

0. 

7.32 

9.90 

CH4 

59.59 

0. 

86.37 

70.93 

0. 

1.00 

0. 

19.26 

0. 

N 

17.73 

18.20 

5.44 

.... 

13.36 

69.90 

65.16 

80.0 

41.33 

35.50 

(a)    At  0°  C  and  760  mm.  pressure . 


(6)    Figured  to  coal  as  sampled. 
TABLE  X 


Gases  from  Coal  Drillings  Taken  at  Varying 
Distances  from  the  Face  Opening 
I    Westville,  drillings  from  first  2i  feet  of  hole,  last  air. 
II  '<  "  "      last  3      "     "    "         "      " 

III  "  "  "      first  2^    "     "    "        gas  by  vacuum. 

IV  "  "  "      last  3      "     '•     "  "    "  " 


I 

II 

III 

IV 

Time  of  Standing,  days 

7 

7 

13 

13 

Weight  of  Coal 

182 

231 

182 

231 

Volume  of  Gas  at  0°  C.  760  mm. 

174 

197.2 

9.6 

26.0 

Cc.  of  Gas  per  100  g.  of  coal 

95.60 

85.50 

5.27 

11.26 

CO2 

7.23 

10.34 

1.76 

3.51 

0 

.59 

.95 

0. 

.82 

CH4 

11.29 

hJ.81 

2.30 

2.17 

N 

76.40 

54.40 

1.21 

4.76 

For  cent  by  Volume 

C()2 

7.57 

12.09 

33.33 

32.09 

0 

.62 

1.11 

0. 

7.32 

CH4 

11.73 

23.17 

43.74 

19.26 

N 

80.08 

63.63 

22.93 

41.33 
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In  addition  to  the  loss  of  combustible  gases,  the  fresh  sam- 
ples of  drillings  showed  more  extensive  absorption  than  did  the 
laboratory  weathered  ones.  From  this  it  may  be  concluded  either 
that  the  oxygen  has  entered  into  some  combination  with  the  coal 
itself,  or  that  a  reaction  has  taken  place,  resulting  in  the  forma- 
tion of  carbon  dioxide.  The  presence  of  considerable  amounts  of 
carbon  dioxide  in  the  gases  from  the  fresh  samples  seems  to  bear 
out  the  latter  conclusion,  although  it  does  not  completely  replace 
the  oxygen  of  the  air.  It  may  also  be  possible  that  the  carbon 
dioxide  formed  and  taking  the  place  of  the  occluded  gases  is  only 
given  off  at  higher  temperatures.  That  this  is  true  to  some  ex- 
tent is  shown  by  the  fact  that  69  %  of  the  gases  removed  from  one 
of  these  fresh  samples  at  100°C.  consisted  of  carbon  dioxide.  This 
phase  of  the  matter  is  receiving  furthur  study. 

It  is  certainly  true  that  this  absorption  of  oxygen  takes  place 
either  contemporaneously  or  as  soon  as  the  gases  escape  from 
the  fresh  coal.  A  study  of  some  of  the  stages  of  this  absorption 
or  oxidation  can  be  made  from  Table  XI. 


TABLE  XI 

Avidity  of  Old  and  Fresh  Coal  for  Oxygen 
I    Atmosphere  surrounding  old  face  sample  in  contact 
with  large  volume  of  air  for  2  years. 
II    Old  face  sample  sealed  in  fresh  air  2  days,  then  evac- 
uated. 

III  Drillings,  sealed  14  days. 

IV  "         in  vacuum  12  days. 

V  "         second  air  in  contact  with  coal  7  days. 


I 

II 

III 

IV 

V 

Weight  of  Coal,  grams 
Volume  of  Gas,  cc. 

146 
843 

205.5 
33.5 

220 
192.1 

220 
48.8 

220 
130.4 

Per  cent  by  Volume 

CO2 

0 

CH4 

.25 

.25 

2.17 

97.33 

7.80 
15.50 

0. 
76.70 

3.86 

1.04 

21.79 

73.31 

7.58 

.61 

86.37 

5.44 

1.63 

.37 

14.14 

83.86 

In  this  table  all  samples  were  from  the  same  mine.  No.  I 
and  II  were  partially  air- dried  face  samples,  which  had  been  sealed 
in  Putnam  jars  for  some  two  years.  From  No.  I  the  surrounding 
air  in  the  container  was  collected  by  displacement  and  analyzed. 
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No.  II  was  left  in  one  of  the  sealed  fractionating  flasks  for  two 
days.  At  the  end  of  that  time  both  the  surrounding  air  and  some 
of  the  enclosed  gases  were  removed  by  means  of  the  air  pump. 
No.  Ill  is  a  flask  of  fresh  drillings  from  which  the  surrounding 
air  and  occluded  gases  were  removed  by  vacuum,  as  above.  No. 
IV  is  the  analysis  of  the  further  gas  given  off  after  the  surround- 
ing air  had  been  removed  and  the  flask  had  stood  in  a  vacuum  for 
twelve  days.  No.  V  is  the  analysis  of  the  air  that  had  been  read- 
mitted to  the  evacuated  flask  and  left  in  contact  with  the  coal  for 
seven  days. 

Further  comparison  of  the  rapidity  of  oxidation  can  be  made' 
from  Table  XII.     All  samples  were  from  the  same  mine.       No.  I 
and  II  had  been  in  laboratory  containers  for  over  two  years. 
Two  portions  were  transferred  to  the  flasks  and  left  in  contact 
with  normal  air  for  two  and  six  days  respectively. 

TABLE  XII 
Kapidity  of  Oxidation  in  Fresh  and  Old  Samples  of  Coal 
I    Old  face  sample  sealed  2  daj's,  last  air. 
II      "      "         "        second  air  in  contact  6  days. 
Ill    Fresh  drillings,  sealed  14  da3S,  last  air. 
IV    Drillings,  second  air  in  contact  7  days. 
V    Fresh  drillings,  sealed  13  days,  last  air. 
YI    Drillings,  second  air  in  contact  8  days. 


I 

II 

III 

IV 

^ 

VI 

Weight  of  Coal,  grams 

204 

204 

220 

220 

244 

244 

Volume  of   Gas  at  0°C  & 

760  mm. 

40.6 

253.1 

102. 

130.4 

287 

157. 

Cc.  per  100  g.  of  Coal 

19.78 

124.2 

87.40 

59.28 

117.7 

64.4 

CO2 

1.23 

1.95 

3.37 

.97 

6.65 

2.02 

0 

2.75 

7.24 

.94 

.22 

.58 

.15 

CH4 

0. 

0. 

19.04 

8.38 

13.14 

8.84 

N 

15.81 

115.0 

64.05 

49.71 

97.0 

53.39 

Per  cent  by  Volume 

CO2 

6.80 

1.57 

3.80 

1.63 

5.56 

3.14 

0 

13.80 

5.83 

1.04 

.37 

.49 

.23 

CH4 

0. 

0. 

21.79 

14.14 

11.14 

13.70 

N 

79.40 

92.60 

73.39 

83.86 

82.81 

82.93 

The  preceding  results  have  thrown  some  light  upon  the 
changes  produced  by  the  deterioration  of  sealed  laboratory 
samples  but  contain  no  data  on  samples  subjected  to  outside  ex- 
posure.    Table  XIII  gives  a  comparison  between  samples  of  fresh 
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TABLE    XIII 

Comparison  of  Activity  as  Between  Sealed  and 
Exposed  Samples  of  Coal 

I    Westville,  Mine  No.  44,  Dering  Coal  Co.,  fresh  drillings,  sealed. 
II  "  "        "    "         "         "      "  exposed  screenings,  15  mo.  old. 

TTT  <(  U  U         H  U  ii  ((  ii  H  9       ((  (( 

IV  Marion,  Mine  No.  3,  Peabody  Coal  Co.,  fresh  drillings. 
V         "        Binkley,  Miles  Coal  Co.,  outcrop  coal. 

VI  Springfield,  Sangamon  Mine,  Sangamon  Coal  Co.,  fresh  drillings. 
VII  "  "  ''  "  "      "   screenings,  2  mo.  old. 

Part  1    Last  Portion  of  Air 


I 

II 

III 

IV 

V 

VI 

VII 

Fresh 

Ex- 

Ex- 

Fresh 

Ex- 

Fresh 

Ex- 

posed 

posed 

posed 

posed 

Time  of  Standing,  days 

7 

3 

6 

13 

19 

7 

3 

Weight  of  Coal,  grams 

231 

200 

200 

217 

224 

261 

200 

Volume  of  Gas,  0°C.  760  mm. 

197.2 

44.2 

55.8 

160.6 

134.3 

141.2 

240.5 

Cc  of  Gas  per  100  g. 

85.50 

22.10 

27.9 

74.2 

60.0 

54.21 

120.3 

CO2 

10.34 

1.40 

.25 

3.27 

3.38 

2.12 

3.03 

0 

.95 

3.25 

5.75 

.95        .38 

2.87 

22.09 

CH4 

19.81 

0. 

0. 

1.57        .54 

12.22 

.66 

N 

54.40 

17.45 

21.90 

68.20   55.70 

37.00 

94.47 

Per  cent  by  Volume 

CO2 

12.09 

6.34 

.90 

4.43 

5.64 

3.92 

2.51 

0 

1.11 

14.71 

20.61 

1.28 

.64 

5.30 

18.36 

CH4 

23.17 

0. 

0. 

2.12 

.54 

22.53 

.55 

N 

63.63 

78.95 

78.49 

92.17 

93.18 

68.65 

78.58 

Part  2    Gas  Removed  by  Vacuum 


I 

Fresh 


II 
Ex- 
posed 


III 
Ex- 
posed 


IV 

Fresh 


V 
Ex- 
posed 


VI 

Fresh 


VII 
Ex- 
posed 


Time  of  Standing,  days 

Weight  of  Coal,  grams 

Volume  of  Gas,  0°C.  760  mm, 

Cc  of  Gas  per  100  g. 

CO2 

O 

CH4 

N 


13 

231 
26.0 
11.26 
3.51 

.82 
2.17 
4.76 


14 
^.00 
26.9 
13.45 
1.4 
2.8 
.15 
9.10 


13 
200 
16.8 
8.4 

2.85 
.7 
.6 

4.25 


13 

217 
20.4 
9.40 
3.18 
0. 

.09 
6.13 


7 
217 
19.9 
8.88 
2.99 
.36 
.10 
5.43 


13 
261 
26.9 
10.31 
1.84 
.50 
6.14 
1.83 


13 
200 
23.9 
11.95 
2.39 
.81 
2.39 
6.36 


Per  cent  by  Volume 

CO2 

O 

CH4 

N 


32.09 

7.32 

19.26 

41.33 


10.41 

20.82 

1.12 

67.65 


33.93 
8.33 
7.15 

50.59 


33.84  33.67 

0.  4.02 

1.00  1.05 

65.16  61.26 


17.85 

4.83 

59.59 

17.73 


20.00 

6.78 

20.00 

53.22 
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drillings  and  samples  exposed  to  the  weather.  No.  I  is  a  sample 
of  fresh  drillings  from  Westville,  while  No.  II  was  collected  from 
the  surface  of  a  pile  of  I2  inch  screenings  from  the  same  mine 
and  had  been  stored  outside  for  fifteen  months.  No.  Ill  is  from 
the  surface  of  a  pile  of  the  same  screenings  that  had  been  stored 
outside  for  two  months.  No.  IV  is  a  sample  of  fresh  drillings 
from  Marion,  while  No.  V  is  from  an  outcrop  of  the  same  seam 
one  mile  from  the  place  where  No.  IV  was  taken.  This  outcrop 
had  been  exposed  for  one  year.  No.  VI  is  a  sample  of  drillings 
from  Springfield,  while  No.  VII  was  collected  from  the  surface  of 
a  pile  of  Ik  inch  screenings  from  the  same  mine.  These  screen- 
ings had  been  stored  outside  for  two  months.  Samples  of  each 
type  were  sealed  in  the  evacuating  fiasks,  J,  of  Fig.  1,  together 
with  normal  air  for  periods  of  from  three  to  nineteen  days,  indi- 
cated in  the  following  table.  Upon  applying  the  vacuum,  the  first 
portion  of  air,  to  about  150  mm.  pressure,  was  discarded.  The 
last  portion  secured  by  carrying  the  vacuum  to  the  limit  gives 
essentially  the  composition  of  the  gases  contained  in  the  coal 
proper,  as  shown  in  Table  XIII,  Part  1.  Without  the  readmis- 
sion  of  air  the  flasks  were  set  aside  for  varying  periods  and  a  sec- 
ond application  of  the  vacuum  gave  results  as  shown  in  Part  2. 


VI    Summary 

It  seems  evident  from  a  study  of  the  results  presented  in  the 
foregoing  pages,  that  two  active  processes  are  set  up  immediately 
upon  the  liberation  of  coal  from  the  vein.  The  first  is  an  ex- 
udation of  hydrocarbons,  mainly  consisting  of  marsh  gas  (CH^); 
the  second  is  an  absorption  of  oxygen.  There  can  be  little  ques- 
tion, moreover,  that  these  alterations  proceed  simultaneously. 
In  Tables  IX  and  X,  for  example,  on  pages  21  and  22,  there  are 
present  in  the  gases  from  all  the  samples  of  fresh  drillings,  no- 
table quantities  of  methane,  ranging  from  IS^o  to  86%  of  the 
various  gas  volumes.  At  the  same  time  the  oxygen  present  has 
dropped  down  in  a  very  positive  manner,  in  some  cases  even 
reaching  the  vanishing  point.  That  this  transpiration  of  gases 
is  interdependent  and  is  of  the  nature  of  an  osmotic  exchange 
can  hardly  be  aftirmed  as  an  explanation  of  the  phenomenon. 
On  the  contrary,  there  seems  to  be  evidence  that  the  gases  oper- 
ate independently  of  each  other.     Take  for  example  the  figures 


PARR-BARKEK — OCCLUDED    GASES    IN    COAL  27 

for  marsh  gas.  In  the  case  of  the  samples  listed  in  Table  IX, 
the  exudation  of  CH4  seems  to  have  spent  itself  in  those  samples 
held  in  laboratory  containers  for  two  years.  In  no  case  is  there 
evidence  of  further  liberation  of  this  gas,  even  with  thorough 
application  of  the  vacuum.  Table  XI  shows  a  similar  condition, 
in  that  an  evacuation  of  the  gases  from  the  two  year  old  sam- 
ple, as  in  No.  II,  shows  no  marsh  gas  present.  Similar  results 
are  seen  in  samples  No.  I  and  II  in  Table  XII.  In  Table  XIII 
the  completion  of  this  exudation  would  seem  to  be  reached  after 
two  months,  though  it  is  well  to  note  that  by  forcing,  as  with  a 
vacuum  in  the  second  part  of  this  table,  the  two  months  old  sam- 
ples may  be  made  to  yield  more  methane,  though  in  relatively 
small  quantities. 

On  the  other  hand,  the  avidity  of  the  coal  for  oxygen  seems 
to  be  pronounced  at  the  very  beginning  of  the  exposure  of  the 
freshly  mined  material,  and  while  there  are  a  number  of  cases 
where  a  certain  agreement  seems  to  exist  between  the  in-going 
and  the  out  going  marsh  gas,  still  there  are  more  cases  where 
the  absorption  of  oxygen  is  pronounced  without  any  evidence  of 
marsh  gas  being  present.  For  example,  attention  may  be  called 
especially  to  samples  No.  II,  IV,  VI,  and  VIII,  in  Table  IX.  In 
all  of  these  cases  the  oxygen-nitrogen  ratio  shows  a  positive 
diminution  of  the  oxygen  from  the  normal  ratio  of  approximately 
1:4  with  practically  no  evidence  of  marsh  gas  being  present. 
While  the  statement,  therefore,  may  be  modified  by  further 
study,  it  seems  fair  to  conclude,  for  the  present,  that  there 
is  no  necessary  connection,  at  least  of  a  strictly  chemical  nature, 
between  the  exudation  of  marsh  gas  and  the  absorption  of  oxy- 
gen. 

.  Again,  the  liberation  of  CH4,  while  very  active  in  the  first 
few  days  after  removal  of  the  coal  from  the  ground,  diminishes 
in  amount  quite  rapidly  till,  after  the  second  month,  there  is  very 
little  of  this  gas  in  evidence.  The  activity  of  the  coal  for  oxygen, 
on  the  contrary,  seems  to  be  of  longer  duration.  In  Table  XII, 
samples  No.  I  and  II  were  collected  June  1,  1906.  The  tests  for 
the  table  were  made  in  May  and  June,  1908.  There  is  marked 
absorption  of  oxygen  in  sample  No.  I  after  two  days'  exposure  in 
the  flask  to  normal  air,  while  No.  II,  with  five  days'  exposure,  shows 
still  further  reduction  in  the  oxygen  ratio  without  accompanying 
evidence,  also,  it  should  be  noted,  of  marsh  gas.     Similarly,  sam- 
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pies  No.  II,  IV,  VI,  and  VIII,  of  Table  IX,  show  a  marked  avidity 
for  oxygen  after  two  years  from  time  of  collecting. 

These  facts  have  a  direct  bearing  on  the  topic  of  deterioration, 
as  substantially  defining  the  limit  as  to  time  of  that  form  of  alter- 
ation. While  varying  somewhat  in  different  coals,  the  loss  of 
hydrocarbons  for  the  most  part  is  practically  complete  at  the  end 
of  two  months.  These  facts  have  a  bearing  also  upon  the  matter 
of  weathering,  and  indirectly  upon  the  matter  of  spontaneous  com- 
bustion. The  absorption  of  oxygen  is  undoubtedly  closely  asso- 
ciated with  both  of  these  phenomena.  Our  studies  upon  the 
weathering  processes  coincide  with  these  studies  in  gases,  namely, 
that  in  all  probability  this  low  type  of  oxidation  extends  over  an 
indefinite  length  of  time.  Moreover,  while  under  normal  condi- 
tions there  is  effected  but  a  very  slight  oxidation  and  loss  of  fuel 
values,  the  conditions  are  favorable,  as,  for  example,  upon  an  in- 
crease of  temperature,  for  bringing  about  a  very  rapid  combina- 
tion with  oxygen  even  to  the  point  of  combustion. 

How  far  this  absorption  of  oxygen  is  a  chemical  reaction,  or 
low  combustion  resulting  in  CO2  and  H2O,  and  how  far  it  is  an  ab- 
sorption into  the  molecular  structure  and  composition  of  the  coal 
must  be  left  for  further  study. 
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I.     Introduction 

When  the  tungsten  incandescent  lami)  was  put  on  the  market, 
about  a  year  and  a  half  ago,  its  high  efficiency  and  excellent  qual- 
ity of  light  were  in  a  large  measure  offset  by  the  extreme  fragility 
of  its  filament,  its  uncertain  life  and  its  high  price.  For  instance, 
in  October,  1907,  when  German  tungsten  lamps  were  just  being 
introduced  into  this  country,  the  Engineering  Experiment  Station 
bought  a  dozen  of  the  40-watt  size  (the  smallest  obtainable  at 
that  time)  for  testing  purposes,  at  a  cost  of  |1.50  each.  They 
came  by  express,  packed  with  as  much  care  and  skill  as  was 
Thought  necessary,  but  when  the  lamps  were  received  only  five  of 
tlie  twelve  had  unbroken  filaments,  and  these  five  had  an  average 
life  of  50  or  75  hours  only.  This  experience  was  a  typical  one  with 
tungsten  lamps  at  that  time. 

Since  then  many  companies  have  entered  the  field  of  tungsten 
lamp  manufacture,  and  they  have  all  striven  to  overcome  the 
faults  common  to  those  early  lamps.  In  their  attempts  to  make  a 
lamp  that  would  better  withstand  shipment  and  handling,  tliat 
would  not  blacken  and  burn  out  early  in  its  life  and  that  could 
be  burned  in  otlier  tlian  the  vertical  pendant  position  necessary 
^s  itli  the  first  lamps,  the  manufacturers  have  developed  several 
types  of  tungsten  lamps.  These  differ  considerably  in  two  re- 
spects: (1)  the  metliod  of  manufacture;  and  (2)  the  scheme  of 
mounting  the  filaments. 

Til  is  bulletin  describes  a  study  of  three  prominent  types  of 
tungsten  lain])s,  differing  considerably  in  tlie  above  respects.  This 
study  was  nuuh'  witli  the  idea  of  bringing  out,  as  far  as  ])()ssible, 
tlie  good  as  well  as  tlie  i)()or  ])()ints  in  the  construction  and  manu- 
facture of  each  i\]H\  Tliere  are  included  tlie  results  of  tests 
showing  what  may  be  ex])ected  of  the  in^^sent  day  low  wattage 
tungsten  lami)s  in  the  way  of  life,  maintenance  of  candle  power 
{«nd  elficiency  under  different  o])erating  conditions. 
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II.     Description  of  Lamps 


Of  the  lamps  chosen  for  the  tests,  one  type  was  of  American 
and  two  were  of  German  manufacture.  They  will  be  designated 
as  the  Pj  D  and  C  lamps,  respectively.  They  represented  three 
of  the  principal  processes  used  in  the  manufacture,  and  three 
common  schemes  of  mounting  tungsten  lamp  filaments  at  the  time 
the  tests  were  started.  All  lamps  tested  were  chosen  from  a  lot 
of  100  of  each  type  of  lamp. 

Rating. — ^All  three  lamps  were  rated  at  25  watts  at  110  volts 
and  advertised  to  give  an  efficiency  of  1.25  watts  per  candle-power. 
Fig.  1,  2  and  3  show  the  candle-power  and  watt  per  candle  values 
for  the  individual  lamps  when  new,  and  the  average  curve  drawn 
through  these  points  for  the  100  lamps  of  each  kind.  It  will  be 
seen  from  the  curves  that  the  average  watt  per  candle  efficiency  of 
the  C  lamps  is  somewhat  poorer  than  the  others.  This  can  per- 
haps be  explained  by  the  fact  that  its  filament  is  supported  by 
three  times  as  many  spires  as  the  other  two,  and  hence  more  of 
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tlie  fjlament  is  kept  cooled  below  incandescence.  In  the  D  and  P 
lamps,  each  one  of  the  tip  end  spires  cools  approximately  1/8  inch 
of  filament,  so  that  it  produces  little  or  no  light,  while  the  spires 
at  the  base  end  each  cool  approximately  1/16  inch.  This  makes 
about  one  inch  of  filament  in  each  lamp  that  acts  merely  as  a  re- 
sistance. In  the  V  lamp  there  are  16  spires,  each  cooling  a  short 
length,  so  that  there  are  about  2  1-2  inclies  of  ineffective  filament 
so  far  as  light  production  is  concerned.  This  would  account  for 
the  difference  in  efficiency  between  this  lamp  and  the  other  two, 
since  the  main  part  of  the  filaments  is  operated  at  approximately 
the  same  temperature. 

Filaments. — The  filaments  of  the  American  lamp  (P)  were 
manufactured  by  the  paste  or  Auer  process.  In  this  method, 
which  is  similar  to  the  one  used  in  making  ordinary  carbon  fila- 
ments, finely  powdered  tungsten  is  mixed  with  a  suitable  binder, 
such  as  sugar  or  some  other  organic  substance,  and  the  resulting 
paste  is  squirted  through  a  diamond  die  under  great  pressure.  The 
moist  filament  so  formed  is  then  heated  in  an  atmosphere  of  steam 
and  hydrogen  to  remove  the  carbon  of  the  binding  material.  This 
leaves  a  filament  of  almost  pure  tungsten.  The  filament,  as 
mounted  in  the  lamp,  consists  of  four  hairpin  loops  connected  in 
series  and  mounted  upon  supporting  spires.  Connections  between 
the  loops  are  made  at  the  base  end  of  the  stem  by  fusing  together 
the  filaments  and  the  spires.  The  filaments  are  hung  loosely  on 
the  spires  so  as  to  allow  for  the  contraction  that  takes  place  after 
they  have  been  burned  for  a  time. 

The  filament  of  the  first  German  lamp  (D)  is  made  by  the 
deposition  process.  In  this  method  a  fine  filament  of  carbon  is 
heated  in  an  atmosphere  of  some  compound  of  tungsten,  for  in- 
stance, oxychloride  of  tungsten.  This  causes  the  metal  to  be  de- 
posited in  a  shell  upon  the  carbon  core.  By  the  application  of  heat 
the  tungsten  and  carbon  are  made  to  unite  chemically  to  form 
tungsten  carbide,  which  is  then  reduced  and  the  carbon  removed 
by  a  method  similar  to  that  employed  in  the  paste  process.    The 
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filament  in  this  lamp  also  consists  of  four  loops,  but  the  support- 
ing spires  at  the  tip  end  of  the  stem  are  very  thin  and  flexible 
springs,  and  the  filament  is  kept  under  a  slight  tension  by  their 
action.  The  flexibility  of  these  spires  also  permits  contraction 
of  the  filaments  to  take  place.  The  entire  glass  stem  which  carries 
the  filaments  is  mounted  between  two  coil  springs,  as  shown  in 
Fig.  4.  The  object  of  these  springs  is  to  absorb  the  jar  and  vibra- 
tion to  which  the  lamp  may  be  subjected  and  so  prevent  breaking 
the  filament.  Connections  between  the  filament  and  spires  at  the 
base  end  of  the  stem  are  made  by  means  of  pasted  joints. 

The  second  German  lamp  (C)  is,  made  by  the  colloid  process. 
In  this  method  colloidal  tungsten  is  formed  either  by  maintaining 
an  arc  between  tungsten  electrodes  under  some  liquid,  it  may  be 
water,  or  by  reducing  tungstic  trioxide  with  potassium  cyanide. 
This  plastic  colloidal  mass  is  brought  to  the  proper  consistency, 
and  is  then  squirted  through  a  die  to  form  a  filament,  as  in  the 
paste  process.  Tlie  filament  so  obtained  is  dried  and  is  gradually 
brought  to  a  white  heat  in  a  nonoxidizing  atmosphere,  and  is  there- 
by converted  into  the  crystalline  state.  The  filament  in  this  lamp, 
too,  consists  of  four  loops,  each  of  which  is  mounted  in  a  peculiar 
spiral  shape  and  hung  loosely  enough  to  permit  of  contraction. 
The  joints  between  the  filaments  and  the  base  spires  are  fused  as 
in  the  P  lamp. 


TABLE  1 

Dimensions  of  Filaments 


Lamp 

Total  Length 
inches 

Diameter 
inches 

Total  Area 

of  Surface 

square  inches 

C 
D 
P 

10.87 
15.02 
10.27 

.00138 
.00202 
.001(33 

.0850 
.1009 
.0087 

Tlie  shapes  of  tlie  bulbs  and  their  comparntivo  sizes  are  shown 
in  Fig  4.  Tlie  bulb  of  the  P  lamp  is  identical  with  that  on  the  ordi- 
nary 16  candle-power  carbon  lamps  in  use  in  this  country. 
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CD  P 

Fig.  4 

III.     Electrical  Characteristics^ 

All  three  filaments,  being  of  metal,  have  of  course  a  positive 
temperature  coefficient.  Fig.  5  shows  the  temperature  resistance 
curves  for  one  lamp,  selected  at  random  from  each  of  the  three 
lots  of  lamps  received.  Fig.  6  is  a  curve  between  current  and  re- 
sistance that  is  typical  of  all  three  lamps. 

As  is  the  case  with  all  lamps  having  filaments  with  a  large 
positive  temperature  coefficient,  the  current,  when  first  turned  on^ 
has  a  value  several  times  greater  than  the  normal  operating  value- 
Fig.  7  is  a  curve  taken  b}^  means  of  an  oscillograph,  showing  this 
change  of  current  from  the  instant  of  starting.    The  very  low  re- 

^  In  some  of  the  curve  sheets  that  follow,  curves  for  only  one  kind  of  lamp  are 
given.     In  these  cases  the  results  for  all  lamps  are  practically  the  same. 
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9 


sistance  when  the  filament  is  cold,  i.  e.,  at  zero  current,  as  shown 
in  Fig.  6,  gives  rise  to  a  heavy  rush  of  current  at  the  first  instant 
which  quickly  decreases,  owing  to  the  rapid  increase  of  resistance 
as  the  filament  heats  up.     This  current  rush,  when  the  lamp  is 


J5 
CO  ^5 

1" 

=-MAX 

IMUM 

\ 

V 

5 

V 

—  NOQi 

^AL 

0 

.01 


■oa 


.05  .04  .05 

TIME.    IN  6LC0NDs5 


^T/\RTING        CURREINT 

Fig.  7 


.06 


Curve:. 


.07 


.03 


turned  on,  causes  the  familiar  flash  or  sudden  rise  in  candle-power 
above  normal,  commonly  known  as  overshooting. 

The  curves  between  candle-power  and  voltage,  and  between 
watts  per  candle  and  voltage,  are  shown  in  Fig.  8.  The  equation 
for  the  former,  obtained  by  the  method  of  least  squares  is 

(7P=213.7X10-'X£"-'* 
Fig.  9  shows  curves  plotted  between  watts  per  candle  and 
temperature,^  for  one  lamp  of  each  kind.  These  curves  lie  very 
close  together,  indicating  that  throughout  the  temperature  range 
all  three  filaments  give  approximately  equal  watt  per  candle  ef- 
ficiencies for  the  same  filament  temperatures.  Fig.  10  gives  curves 
between  temperature  and  spherical  candle  power  per  square  inch  of 
total  filament  area  or  emissivity.  These  indicate  that  the  C  lamp 
has  the  highest  and  the  D  lamp  the  lowest  emissivity  at  all  tem- 
peratures.    This  can  be  explained  by  an  examination  of  the  fila- 

1  The  temperatures  given  in  this  bulletin  are  black  body  temperatures  and  are 
given  as  relative  rather  than  absolute  values. 


10 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


3   JO 


I' 


7     /O 


\ 

/ 

\  y 

/ 

\A 

/ 

\. 

i^/ 

/ 

\ 

i 

A 

/ 

\ 

.v^ 

■/ 

\ 

s. 

i/ 

/ 

N 

N^ 

/ 

/ 

/ 

\ 

^^ 

/ 

/ 

/ 

/ 

y 

/^ 

^ 

eo 


70 


80 


so 


VOLTS 

Fig.  8 


/oo 


no 


JZQ 


ments  under  a  microscope.  Fig.  11  is  a  sketch  of  all  three  fila- 
ments showing  their  appearance  when  magnified.  The  C  filament  is 
seen  to  be  the  smoothest  one  of  the  three.  It  has  no  pits  or  pro- 
tuberances, but  has  a  smooth  shiny  surface  broken  only  by  what 
look  like  fine  cracks  similar  to  the  fine  check  cracks  sometimes 
seen  in  the  glazes  of  porcelains.  Such  a  smooth  polished  surface 
would  naturally  have  a  high  emissivity.  The  P  filament  seems 
smooth,  i.  e.,  is  free  from  knobs  and  jn'otuberances,  tliough  it  is 
covered  with  small  depressions  and  wrinkles,  probably  due  to  the 
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reinoval  of  the  carbon  of  the  binder  and  the  consequent  shrinkage. 
Tlie  lines  shown  on  the  fihament  in  the  sketch  represent  fine 
wrinkles  rather  than  cracks  on  the  surface  of  the  filament.  These 
depressions  and  wrinkles  on  the  surface  make  its  emissivitv  some- 
what less  than  that  of  the  smoother  C  filament.  The  Z)  filament  is^ 
(he  roughest  and  most  uneven  of  the  three.  It  is  covered  with 
liiany  knobs  and  protuberances,  pits  and  large  wrinkles.  This 
rougli  surface  naturally  has  a  lower  emissivitv  than  tlie  other  two 
lamps. 

IV.       DiSTRIIU'TION 


The  horizontal  distribution  curves  for  all  three  lamps  are  a])- 
proximately  circles,  as  would  be  ex])ected  from  the  nuud)er  and 
arrangement  of  the  filaments.  The  vertical  distribution  curves  are 
shown  in  Fig.  12,  13  and  14.  The  I)  lamp  has  the  lowest  tip  candle 
])ower,  the  P  lam])  next,  and  the  V  lam])  tlu»  highest, — nearly  10 
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candle-power.     The  spherical  reduction  factors  for  the  lamps  are 


jshown  iu  the  followinjr  table. 


TABLE  2 


Lamp 

Mean  Horizontal 
Candle  Power 

Mean  Spherical 
Candle  Power 

Spherical  Reduc- 
tion Factor 

C 
D 
P 

21.1 
22.2 

2L9 

17.7 
16.2 
17.2 

.840 
.730 

.785 

V.    Life  Tests 


For  the  life  tests,  50  lamps  of  each  kind  were  selected.  Of 
these,  25  of  eacli  kind  were  burned  upon  a  well-regulated 
voltage,  supplied  by  a  storage  battery  floating  across  constant 
voltage  mains.  The  racks  holding  the  lamps  were  supported 
by  tliree  coil  springs  in  order  to  protect  them  from  the  vibration  of 
tJie  building.  This  condition  will  be  designated  as  A,  and  repre- 
sents exceedingly  good  operating  conditiims.  The  remaining  25 
lamps  of  each  kind  were  operated  upon  60-cycle  alternating  cur- 
rent mains  having  a  badly  fluctuating  voltage.  The  rack  support- 
ing tliese  lamps  was  rigidly  fastened  to  tlie  floor  and  received  all 
of  the  vibration  of  the  building.  This  vibration  was  caused  by  the 
engines  of  the  University  power  plant  and  the  machines  in  the 
electrical  laboratory  two  floors  below.  It  was  great  enough  to  be 
easily  felt  by  placing  the  liand  on  tlie  rack,  and  the  lamps  them- 
selves could  be  seen  to  vibrate.  It  was  not  so  severe  a  vibration 
as  that  to  wliicli  lamps  would  be  subjected  in  many  inannfactnriug 
plants,  but  it  was  severe  enough  to  represent  rather  trying  operat- 
ing conditions.  This  condition  Avill  be  designated  as  condition  1>. 
Fig.  15  to  20  show  the  candle-power  performance  of  each  lamp  on 
the  life  tests  for  both  operating  conditions. 

In  the  life  test  under  condition  A,  readings  were  taken  up  to 
2000  liours.  At  tlie  end  of  this  time  there  was  one  C  lamj),  on(^  I) 
lamp  and  thirteen  P  lamps  still  burning.  The  metluKl  of  mount- 
ing the  filament  of  the  r  lamp  is  such  that  it  is  seldom  that  a  brok- 
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-en  filament  can  be  repaired.  For  this  reason,  the  curves  for  this 
lamp  are  very  uniform,  not  showing  the  sudden  increases  and  de- 
creases that  occur  in  the  other  lamps.  In  the  D  lamp  the  filaments 
can  easily  be  welded  when  broken,  in  fact  it  is  seldom  that 
they  can  not  be  repaired  after  the  first  rupture.  The  sudden  in- 
•creases  of  candle-power  that  are  so  often  noticeable  in  the  curves 
for  this  type  of  lamp  are  caused  by  the  welding  and  consequent  de- 
creases in  the  length  of  the  filament. 

In  the  C  lamp,  failures  commenced  after  about  100  hours  of 
burning  and  continued  steadily  for  about  1500  hours,  when 
^11  the  lamps  but  one  were  gone.  Failures  in  the  D  lamp  began  at 
about  300  hours,  and  at  1900  hours  only  one  was  burning.  With 
the  P  lamp,  there  was  one  failure  at  about  300  hours,  and  then  no 
more  until  after  900  hours,  when  they  commenced  to  fail  at  the 
rate  of  about  one  every  hundred  hours. 

Compared  with  the  results  under  condition  A,  those  under 
condition  B  are  rather  surprising.  The  D  lamp,  which  made  a  sat- 
isfactory showing  under  good  conditions  of  operation,  did  very 
poorly  indeed  when  operated  under  adverse  conditions.  At  the 
<}nd  of  600  hours  all  the  lamps  were  burned  out,  having  an  average 
life  of  only  153  hours.  The  C  and  the  P  lamps,  as  might  be  ex- 
pected, gave  poorer  results  than  when  burning  under  condition  A, 
but  gave  a  much  better  average  life  than  the  D  lamps,  averaging 
434  and  898  hours  respectively. 

The  explanation  of  the  poor  life  of  the  D  lamp  under  condi- 
tion B  is  very  simple.  These  filaments  are  strung  so  that  they  are 
under  tension  and  the  stem  upon  which  they  are  mounted  is  sup- 
ported between  two  spiral  springs.  The  object  of  these  springs 
is  to  absorb  the  vibrations  to  which  the  lamp  may  be  subjected, 
but  the  springs  are  so  strong  and  the  stem  itself  is  so  light  that 
instead  of  protecting  the  filament  from  the  vibrations,  they  simply 
take  them  up  and  hold  them  persistently,  and  of  course  set  the 
tightly  strung  filaments  to  vibrating  also.  Often  some  of  the  fila- 
ments of  the  lamps  on  test  would  be  seen  to  vibrate  like  a  violin 
string  with  an  amplitude  that  would  occasionally  become  great 
enoufifh  to  allow  the  two  sections  of  a  filament  to  touch  and  short 
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circuit  themselves.  A  slight  jar  would  often  be  sufficient  to  start 
these  vibrations.  It  happens  also  that  the  tension,  mass  and  length 
of  some  filament  sections  are  such  that  when  burned  upon  alter- 
nating current,  persistent  vibrations  will  be  set  up,  due  either 
to  the  presence  of  a  stray^  magnetic  field  or  to  the  magnetic  repul- 
sion and  attraction  action  of  adjacent  filament  sections.  Upon 
50-cycle  current,  which  is  common  in  Germany  where  these  lamps 
are  manufactured,  some  filament  sections  would  vibrate  strongly 
when  in  a  magnetic  field,  though  there  were  fewer  that  would 
do  so  than  there  were  on  60  cycles. 

On  account  of  being  mounted  without  tension,  the  filaments 
of  neither  the  P  nor  the  G  lamps  would  vibrate  upon  either  the  60 
or  50  frequency  current,  unless  placed  in  a  strong  magnetic  field, 
for  instance,  between  the  poles  of  a  horse  shoe  magnet.  When  in 
a  strong  field,  the  filaments  of  both  lamps  formed  a  node  in  the 
middle  and  vibrated  in  two  sections.  After  a  long  period  of 
burning,  the  P  lamp  filaments  would  sometimes  be  sufficiently 
contracted  to  put  some  of  the  filament  sections  under  tension,  and 
then  tlie  same  persistent  vibrations  would  be  noticed  in  tliem  as 
in  the  D  lamp. 

VI.     Candle-Power  Maintenance  and  Change  in  Efficiency 

The  curves  in  Fig.  21  to  24  show  the  changes  in  candle-power 
and  efficiency  for  the  three  lamps,  the  curves  representing  the^ 
mean  performance  of  all  the  lamps  tested.  All  three  lam])s  show 
the  increase  in  candle-power  during  the  first  few  hours  of  burning, 
and  the  subsequent  falling  off  in  candle-power  that  is  usual  with 
incandescent  lamps.  The  P  lamp,  however,  shows  the  greatest 
change.  It  also  maintains  the  highest  avc^-age  (•andle-i)ower 
throughout  the  test,  the  1)  lamp  being  next  and  tlie  f  lani])  the 
lowest.     After  2000  hours'  burning,  the  average  (•an(lle-i)()wer  of 

^  The  only  magnetic  Held  that  was  near  enonjih  so  that  there  was  any  possibility 
of  its  affecting  the  lamps  was  dne  to  a  direct  current  circnit  carrying  7  amperes  and  it 
was  at  a  distance  of  about  8  feet  from  the  test  rack  so  that  its  effect  nmst  have  been 
very  small. 
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the  P  lamps  decreased  to  88  per  cent,  the  B  lamps  to  89  per  cent 
and  the  C  lamps  to  77  per  cent  of  the  initial  value. 

The  curves  of  average  efficiency  show  the  G  lamp  to  have  the 
highest  watt  per  candle  consumption  throughout  the  tests.  Up  to 
about  1100  hours,  the  D  lamp  gives  a  poorer  efficiency  than  the  P 
lamp,  but  at  this  point  the  curves  cross  and  the  D  lamp  gives  the 
better  efficiency  from  that  time  on.  This  change  in  the  relative 
efficiency  of  the  two  lamps  is  due  to  the  greater  blackening  of  the 
bulb  of  the  P  lamp. 

Bidh  Discoloration, — For  the  purpose  of  securing  a  standard 
by  which  the  discoloration  of  the  different  lamps  could  be  com- 
pared, a  series  of  10  carbon  lamps  was  obtained  from  the  Elec- 
trical Testing  Laboratories  of  New  York.  These  lamps  had  been 
burned  for  different  periods  and  consequently  carbon  deposits  of 
different  densities  were  formed  on  the  bulbs ;  they  ranged  in  inten- 
sity from  95  per  cent  of  the  original  candle-power  down  to  66.9 
per  cent.     They  were  numbered  from  1/2  to  5  as  shown  below. 

TABLE  3 


Lamp  No 

Percent  C.  P. 


1/2 
95 


1 
91.3 


1  1/2 
86.9 


2 
83 


2  1/2 
78.6 


3 
75.3 


3  1/2 
73 


4 
70.5 


4  1/2 

68.7 


5 

66.9 
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At  intervals  throughout  the  life  test,  the  color  of  each  tung- 
sten lamp  was  compared  with  that  of  the  series  of  carbon  lamps, 
and  the  number  with  which  it  matched  in  color  was  noted.  In  this 
way  the  rapidity  with  which  the  tungsten  lamps  blackened  could 
be  determined.  The  lamps  did  not  blacken  uniformly  over  the 
surface,  hence  the  darkest  portion  was  always  chosen  for  com- 
parison. Fig.  25  shows  the  results  obtained.  It  is  plotted  be- 
tv\een  hours  of  burning  and  discoloration  and  represents  the  aver- 
age results  of  25  lamps  of  each  kind.  The  P  lamp  shows  the 
most  pronounced  discoloration  while  the  D  lamp  shows  the  low- 
est. The  P  lamps  were  decidedly  non-uniform  in  the  rapidity  with 
which  they  blackened.  Some  of  them  would  be  discolored  scarcely 
any  after  1000  or  1500  hours'  burning,  while  the  others  would  be  as 
black  as  the  No.  5  carbon  lamp.  The  C  and  D  lamps  seemed  to 
blacken  uniformly,  so  that  at  any  time  all  of  the  lamps  of  either  of 
these  types  would  be  discolored  approximately  the  same  amount. 

In  Fig.  26  are  microphotographs  showing  the  condition  of 
the  filaments  after  a  long  period  of  burning.  In  each  case  a  new 
filament  is  shown  for  comparison.  As  might  be  expected,  all  three 
filaments  become  much  roughened  and  pitted  after  a  period  of 
burning,  and  decrease  somewhat  in  size,  the  D  filament  to  a  con- 
siderable extent.  Filaments  burned  upon  alternating  current  are 
the  same  in  appearance  as  those  burned  upon  direct  current  for 
tlie  same  length  of  time  and  do  not  show  the  segmentation  that 
takes  place  in  tantalum  filaments. 

A  summary  of  the  performance  of  the  lamps  on  the  life  and 
efficiency  tests  is  shown  in  Table  4.  The  curves  in  Fig.  27  and  28 
are  plotted  between  ''Total  cost  in  cents  per  candle-power-hour 
for  lamps  and  energy"  as  ordinates  and  "Cost  of  energy  per  kilo- 
watt-hour'- as  abscissas.  The  curves  for  condition  A  are  drawn 
from  calculations  based  upon  a  2000-hour  test  and  those  for  condi- 
tion H  from  calculations  based  upon  a  1000-hour  test. 

On  account  of  the  lower  cost  of  lamp  and  the  fewer  burnouts, 
the  P  lamp  gives  a  considerably  lower  total  cost  of  operation  than 
the  other  two.   The  cost  of  operating  the  D  lamp  under  condition 
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TABLE  4 
Summary  of  Life  and  Efficiency  Tests 


Lamp 

C 

D 

P 

Operating  Condition 

A 

B 

A 

B 

A 

B 

Av.  Mean  Horizontal  C.  P. 

a.     New 

19.9 

20.6 

18.6 

19.9 

19.9 

19.3 

b.     1000  hours 

18.2 

19.7 

20.8 

20.6 

c.      2000  hours 

15.0 

16.7 

191 

Spherical  Reduction  Factor 

.840 

.730 

.785 

Av.  Watts  per  Lamp 

27.5 

27.4 

28.0 

28.0 

27.7 

27.0 

Av.  Initial  Watts  per  C.  P. 

1.36 

1.36 

1.48 

1.44 

1.32 

1.32 

Av.  Life  in  Hours 

762 

434 

1167 

153 

898 

Av.  C.  P.  through  Life 

18.2 

20.2 

19  5 

22.5 

20.9 

22.5 

Cost  Lamps  to  run  1000  hrs. 

$62.64 

$220.05 

$23.80 

2000    " 

$70.28 

$58.05 

$25.50 

C.  P.  Hours  per  Lamp 

36,400 

20,200 

39,000 

22,500 

41,800 

22,500 

Total  C.  P.  Hours 

910,000 

505,000 

975,000 

562,000 

1,045,000 

562,000 

Kilowatt  Hours 

1,375 

685 

1,400 

700 

1,385 

675 

Cost  of  Lamps 

$1 

.08 

$1.35 

$.85 

B  is  excessively  high  on  account  of  the  exceedingly  short  average 
life  of  the  lamps  under  this  condition;  in  fact,  for  power  costs 
below  12  or  13  cents  per  kilowatt-hour,  they  are  more  expensive  to 
operate  than  ordinary  carbon  filament  lamps.^ 


VII.     Conclusions 

Comparisons  of  the  durability  of  filaments  made  by  the  colloid, 
deposition  and  paste  processes  are  very  difficult  to  make  owing  to 
tlie  fact  that  the  three  types  were  all  mounted  differently.  Un- 
doubtedly the  manner  of  mounting  a  filament  has  a  great  effect 
upon  its  life,  and  whether  the  superior  life  of  one  type  of  lamp  is 
due  to  the  fact  that  it  has  a  better  scheme  of  mounting  or  to  the 
fact  that  the  process  of  manufacture  is  better,  can  hardly  be 
decided  definitely  from  these  tests.  Tests  of  filaments  made  by  the 
three  processes  and  mounted  in  exactly  the  same  way  would  be 
necessary  to  decide  this  question  absolutely.    From  the  tests  just 

1  In  Engineering  Experiment  Station  Bulletin  No.  19  are  given  the  results  of  tests 
upon  carbon,  metallized  carbon  and  tantalum  lamps  which  may  be  compared  with 
the  results  given  in  this  bulletin  for  tungsten  lamps.  It  should  be  said,  however,  that 
the  metallized  carbon  and  tantalum  lamps  used  for  the  tests  described  in  Bulletin 
No.  19  were  manufactured  three  or  more  years  ago  and  that  lamps  of  these  kinds 
now  manufactured  and  put  upon  the  market  show  a  considerable  improvement 
over  the  ones  tested. 
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described,  however,  the  colloid  process  seems  to  give  a  filament 
that  is  less  durable  than  the  other  two.  It  is  true  that  when 
tested  under  condition  B,  it  gave  a  longer  life  than  did  the  D 
lamp,  but  this  was  because  its  construction  enabled  it  to  with- 
stand vibration  better  rather  than  because  of  the  superior  quality 
of  the  filament.  Under  condition  A  where  vibration  was  elimin- 
ated and  where  the  scheme  of  mounting  had  less  effect  upon  the 
life,  the  D  lamp  gave  a  considerably  longer  life.  The  P  lamp  gave 
a  much  better  life  under  both  conditions  of  operation  than  the 
C  and  D  lamps.  This  must  be  due  at  least  in  part  to  the  fact  that 
tlie  filament  has  better  lasting  qualities  than  those  made  by  the 
other  processes.  Under  condition  A,  this  ,lamp  shows  the  same 
superior  life  as  it  did  under  condition  B  where  differences  in 
mounting  produce  great  differences  in  average  life. 

Of  the  three  schemes  for  mounting  the  filaments,  that  of  the  C 
lamp  undoubtedly  holds  the  filament  more  nearly  in  the  desired 
place  for  all  positions  of  burning  than  the  other  two.  While  hold- 
ing it  in  tlie  proper  position,  it  at  the  same  time  holds  it  loosely 
enough  so  that  all  necessary  contraction  can  take  place  without 
I^utting  it  under  a  tension  that  is  likely  to  cause  it  to  respond 
readily  to  vibrations.  The  principal  defects  of  this  scheme  of 
iriounting  are  that  it  lacks  simplicity  and  that  there  are  a  large 
number  of  supporting  spires  that  carr^^  off  by  heat  conduction 
energy  that  should  be  radiated  in  the  form  of  light.  For  burn- 
ing in  a  vertical  pendant  position  or  nearly  so,  the  mounting  of 
the  filament  in  the  P  lamp  is  verj^  good.  The  filament  is  held 
loosely  so  that  contraction  can  take  place  without  putting  it  under 
sufficient  tension  for  vibration  to  have  the  serious  effect  upon  it 
that  it  does  upon  the  D  filament.  When  burning  horizontally 
it  sags  considerably,  often  enough  to  allow  it  to  touch  the  glass 
siem  supporting  it.  This  at  least  gives  the  lam])  a  poor  aiq)earance 
even  if  it  caused  no  other  bad  effects.  The  mounting  of  the  D 
filament  permits  almost  no  distortion  of  the  filament  to  take 
place  when  burning  horizontally,  but  it  has  the  serious  fault  of 
liolding  the  filament  in  tension  so  that  it  res])()nds  readily  to  vi- 
brations.    The  spring  suspension  of  tlie  supporting  stem  tends 
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to  make  worse  the  very  thing  that  it  is  intended  to  prevent.  No 
doubt  there  would  be  less  trouble  from  vibration  with  this  style 
of  filament  mounting  if  the  stem  were  rigid.  That  there  would 
♦still  be  bad  effects  from  vibration  even  if  the  stem  were  rigid  is 
proved  by  the  P  lamp.  When  a  filament  section  in  this  lamp, 
which  has  a  rigid  stem,  contracted  sufficiently  to  put  it  under 
tension,  as  sometimes  happened,  it  would  respond  to  vibrations 
when  burning  under  condition  B  in  the  same  way  that  the  D  fila- 
ment did,  and  then  quickly  fail.  A  considerable  number  of  the 
newer  tungsten  lamps  coming  on  the  market  have  their  filaments 
mounted  under  a  slight  tension,  just  as  in  the  D  lamp,  but  where 
they  are  to  be  subject  to  vibration,  it  is  doubtful  if  they  will  give 
as  good  results  as  more  loosely  strung  filaments  would. 

These  tests  show  that  the  performance  of  tungsten  lamps 
may  vary  to  a  surprising  degree  depending  upon  the  kind  of  lamps 
used  and  upon  the  conditions  under  w^hich  they  are  burned.  Some 
lamps  will  give  as  high  operating  cost  as  the  old  carbon  lamps 
while  burning  under  certain  conditions,  whereas  other  lamps  will 
give  good  results  under  those  same  conditions.  Under  the  best 
conditions,  however,  the  tungsten  lamps  now  on  the  market  give 
excellent  results.  Their  efficiency  is  maintained  in  a  remarkable 
way  and  the  life  is  very  long,  often  several  times  what  they  are  ad- 
vertised to  give. 

Breakage  in  shipment  and  handling  have  been  reduced  to  a 
small  fraction  of  what  was  common  in  the  early  lamps.  Only  three 
of  the  three  hundred  lamps  which  were  purchased  for  these  tests 
v^ere  received  with  broken  filaments,  and  although  the  lamps  on 
some  of  the  tests  which  have  been  described  were  handled  dozens 
of  times,  almost  no  trouble  was  experienced  so  far  as  the  breakage 
of  filaments  was  concerned. 

The  other  defect  of  the  early  lamps,  that  of  early  blackening 
of  the  bulbs,  seems  to  have  been  overcome.  Not  one  of  the  lamps 
on  the  tests  showed  any  early  discoloration  at  all,  in  fact,  not  un- 
til after  about  600  hours  of  burning  did  any  of  the  bulbs  show  an 
appreciable  amount  of  blackening. 
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I.    Introduction 

1.  Purpose  of  Tests 

The  tests  were  made  for  the  purpose  of  comparing  boiler 
performance  when  operating  with  two  types  of  furnace  roofs. 

2.  Two  Types  of  Furnace  Boofs 

The  essential  difference  between  the  two  furnace  roofs  em- 
ployed consisted  in  the  fact  that  in  one  case  the  tubes  of  the  lower 
row  were  completely  surrounded  by  the  tile  which  formed  the  roof 
of  the  furnace,  while  in  the  other  case  the  roof  tile  rested  upon 
the  tubes  of  the  lower  row,  leaving  the  lower  half  of  the  tubes 
directly  exposed  to  the  flames  and  hot  gases  arising  from  the  fire 
bed.  This  difference  and  the  construction  of  the  two  types  of 
roof  are  shown  in  Fig.  1,  2,  and  3. 
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Fig.  1    Ciioss-SECTiON  Showing  Construction  of 
Furnace  Roof  as  Made  from  C  Tile 
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Pig.  1  shows  in  cross-section  the  roof  in  which  the  tile  used 
completely  encircled  the  tubes  and  prevented  the  flames  and  hot 
gases  from  coming  in  direct  contact  with  the  water-heating  sur- 
face until  they  had  traveled  to  the  rear  end  of  the  furnace  roof. 
This  type  of  roof  has  been  designated  as  the  C  tile  roof. 

Pig.  2  shows  in  cross-section  the  roof  in  which  the  roof  tile 
rested  upon  the  tubes,  covering  their  upper  surface  only,  leaving 
the  lower  surface  of  the  tubes  to  be  acted  upon  directly  by  the 
flames  and  hot  gases  arising  from  the  fire- bed.  This  type  of  roof 
has  been  designated  as  the  T  tile  roof.  Strictly  speaking,  this 
roof  would  not  be  considered  a  tile  roof,  if,  by  the  term  tile  roof,  is 


Fig.  2    Cross-section  Showing  CoNSTKUcnoN  of 
Furnace  Roof  as  Made  from  T  Tile 
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meant  a  roof  which  presents  to  the  fire  a  surface  composed  entirely 
of  tile. 

Pig.  3  is  a  longitudinal  section  showing  the  general  arrange- 
ment of  furnace  and  boiler.  This  shows  the  G  tile  roof  in 
position.  For  the  tests  with  the  T  tile,  no  changes  were  made 
except  to  remove  the  G  tile,  as  shown  in  Pig.  3,  replacing  them 
with  T  tile.  The  first  two  rows  of  tile,  crosswise  of  the  boiler,  and 
immediately  back  of  the  front  water-leg  consisted  of  T  tile  dur- 
ing all  of  the  tests,  as  shown  in  the  longitudinal  section  with  the 
G  tile  roof  in  place.  Pig.  3.  These  two  rows  of  T  tile  facilitated 
the  cleaning  and  inspection  of  the  front  end  of  the  tubes. 


Fig.  3    Longitudinal  SE(vrK)N  Showing  Arrangement  of 
Boiler  and  Furnace 
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II.     Summary  and  Conclusions 

(i)  Eight  tests  were  made  upon  two  types  of  roofs,  four  with 
each  type. 

(2)  The  minimum  capacity  developed  for  any  one  test  was 
102  per  cent  of  rated  capacity,  and  the  maximum,  106  per  cent 
of  rated  capacity. 

(3)  For  the  tests  with  the  G  tile  roof,  the  boiler  efficiencies 
varied  from  64. 4  per  cent  to  66. 3  percent  with  an  average  of  65.6  per 
cent.  For  the  7^  tile  roof  tests  the  efficiencies  varied  from  67.5 
per  cent  to  69.4  per  cent  with  an  average  of  68.6  per  cent.  This 
shows  a  gain  of  3  per  cent  in  the  boiler  efficiency  in  favor  of  the 
T  tile  roof. 

U)  The  gain  in  water  evaporated  per  pound  of  combustible 
is  5  per  cent  more  when  using  the  T  tile  than  when  using  the  G 
tile. 

(5)  The  temperatures  in  the  furnace  and  combustion  chamber 
are  from  200°  to  400°  F.  less  when  using  T  tile  than  when  using 
G  tile.  This  condition  should  make  radiation  losses  less 
when  the  roof  is  made  of  T  tile.  Maintenance  of  furnace,  boiler 
and  setting  should  be  easier  and  less  expensive  with  the  T  tile 
due  to  the  lower  temperatures.  Lower  flue  gas  temperatures  are 
obtained  when  using  T  tile  and  are  particularly  of  advantage 
when  using  induced  draft  apparatus. 

The  tests  were  not  of  sufficient  length  or  at  sufficiently  high 
capacities  to  furnish  data  relative  to  the  total  life  of  such  furnace 
roofs  or  to  their  relative  effect  upon  boiler  maintenance  in  many 
particulars.  It  is  not  uncommonly  believed  that  with  uncovered 
tubes,  as  with  the  T  tile  roof,  at  high  capacities,  there  is  much 
greater  danger  of  injuring  the  tubes  than  with  tubes  covered,  as 
with  the  G  tile  roof,  and,  consequently,  greater  difficulty  in  re- 
gard to  boiler  maintenance. 

(6)  Uniform  and  satisfactory  fire  conditions  were  more  easily 
maintained  during  the  tests  with  the  T  tile  roof  than  with  the 
G  tile  roof.  It  is  possible  that  this  condition  may  have  been 
due  entirely  to  other  conditions  than  the  difference  in  roofs. 

(7)  No  smoke  was  made  with  the  G  tile  roof  and  only 
smoke  of  a  comparatively  unobjectionable  color  when  using  the 
T  tile  roof.     These  results  were  at  approximately  100  per  cent  of 
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rated  capacity.  It  is  probable  that  the  C  tile  roof  could  have 
been  pushed  to  considerably  higher  capacities  than  the  T  tile 
roof  without  producing  objectionable  smoke. 

(8)  The  C  tile  roof  is  superior  to  the  T  tile  roof  in  the 
matter  of  smokelessness  while  the  T  tile  roof  is  superior  as  re- 
gards simplicity,  maintenance  and  efficiency. 


III.     Fuel 

The  coal  as  received  was  li-inch  screenings  mined  near 
Danville,  Vermilion  county,  Illinois.  In  order  to  make  it 
easier  to  maintain  uniform  conditions  and  to  operate  easily  at  100 
per  cent  rated  capacity,  or  higher  if  desired,  this  coal,  as  it  was 
shoveled  from  the  car,  was  run  over  a  ^-inch  screen.  In  this  way 
a  large  part  of  the  very  small  coal  was  removed.  The  portion  of 
the  original  coal  which  would  pass  through  a  i-inch  screen  aver- 
aged about  38  per  cent  and  approximately  this  per  cent  of  the 
coal  was  removed  by  screening  as  described  above.  On  account 
of  the  coal  being  wetter  in  the  cars  during  inclement  weather 
than  at  other  times,  the  screening  process  did  not  give  entirely 
uniform  results.  As  between  the  two  series  of  tests,  however, 
there  was  believed  to  be  no  appreciable  difference  in  this  respect 
at  the  time  of  conducting  the  tests. 

Proximate  chemical  analyses  of  the  coal  used  on  each  test 
with  the  calorific  value  will  be  found  in  Table  "h,  pp.  17,  18. 
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IV.     Equipment 

The  tests  were  made  upon  a  210  horse-power  water-tube 
boiler  set  over  a  chain  grate  stoker  as  shown  in  Pig.  3.  This  is 
the  Engineering  Experiment  Station  experimental  fuel  testing 
boiler  and  is  similar  to  the  boiler  used  at  the  U.  S.  G.  S.  testing 
plant  at  St.  Louis,  Missouri,  and  at  Norfolk,  Virginia.  A  num- 
ber of  the  principal  dimensions,  not  upon  Pig.  3,  are  given  in 
Table  1. 


TABLE  1 

Dimensions  of  Engineering  Experiment  Station 
PuEL  Testing  Boiler 

Kind  of  boiler 210  H.  P.  Heine  water- tube 

Kind  of  furnace Green  chain  grate 

Width  of  grate inches     54 

Length  of  grate "       102 

Grate  surface sq.  ft.      38 . 25 

Area  of  chimney "     "         8,7 

Height  of  chimney  above  grate feet         45 . 5 

Kind  of  draft Induced 

Water  heating  surface sq.  ft.  2027 

Number  of  tubes 116 

Diameter  of  tubes,  outside inches       3 . 5 

Ratio  of  water  heating  surface  to  grate  surface,  53 . 1  to  1 
Pig.  4,  from  a  photograph,  gives  a  view  of  the  front  of  the 
boiler  and  of  the  induced  draft  apparatus,  also  the  water  weigh- 
ing tanks,  ash  and  coal  cars,  hoist  and  scales.  The  plant  was 
especially  designed  for  test  purposes  and  is  equipped  with  all 
apparatus  ordinarily  employed  in  such  work.  Descriptions  of  this 
plant  have  appeared  in  the  bulletins  of  the  Engineering  Experi- 
ment Station  in  connection  with  work  already  reported.* 

*Uuiversity  of  Illinois  Engineering  Experiment  Station  Bulletins  No.  15;  No.  36. 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


TESTS   OF   TWO   TYPES   OF   TILE-ROOF   FURNACES  9 

V.     Methods  of  Conducting  the  Tests 

In  genei^al  the  methods  as  indicated  by  the  A.  S.  M.  E.  code 
for  conducting  boiler  trials  were  used. 

(i)  Preparation. — Before  each  series  of  tests,  the  boiler  was 
washed  out  and  the  upper  baffle  of  U  tile  thoroughly  cleaned 
off.  Before  the  tests  with  the  G  tile  roof,  the  soot  and  ashes 
were  removed  from  the  upper  side  of  the  roof  as  thoroughly  as 
possible  by  using  the  blower  repeatedly  from  both  ends  of  the 
boiler.  The  T  tile  roof  was  practically  clean  at  the  beginning 
of  the  tests,  having  been  in  use  only  about  24  hours  previous  to 
the  first  test.  The  boiler  was  blown  down  and  the  tubes  blown 
off  each  night  before  the  test  of  the  following  day.  Fires  were 
built  up  from  the  banked  fire  several  hours  before  the  beginning 
of  a  test,  so  that  at  the  start  operating  conditions  were  uniform, 
and  the  boiler  developing  approximately  its  rated  capacity. 

{2)  Method  of  Starting  and  Stopping. — The  alternate  method 
of  stopping  and  starting  the  tests  was  used. 

{3)  Firing. — The  coal  fired  was  weighed  out  in  lots  of  500  lb. 
and  record  made  both  of  the  time  consumed  in  burning  each  500 
lb.  lot  and  of  the  amount  of  coal  consumed  during  each  hour  of 
the  test. 

The  opening  between  the  grate  and  the  lower  edge  of  the 
gate  measured  54  inches,  for  all  tests,  and  the  fuel  bed  thus  ad- 
mitted has  been  called  5  inches  thick. 

(jf)  Feed  Water. — The  amount  of  water  fed  to  the  boiler  was 
determined  by  measuring  tanks.  The  measuring  tanks  were  set 
upon  scales  and  measured  weights  were  frequently  checked  by 
weighing. 

{5)  Quality  of  Steam. — The  quality  of  the  steam  was  deter- 
mined with  a  throttling  calorimeter. 

(6)  Smoke  Records. — Smoke  comparisons  were  made  by  means 
of  the  Ringlemann  scale.  No.  1,  2,  3,  4  and  5  representing  respec- 
tively 20,  40,  60,  80  and  100  per  cent  of  black  smoke. 

(7)  Flue  Gas  Samples. — Flue  gas  samples  were  analyzed  each 
hour,  an  average  sample  being  collected  over  that  interval  of 
time.      The  sampling  apparatus  consisted  of  six  i-in.  sampling 
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tubes  distributed  across  the  uptake.  Samples  were  drawn  from 
a  junction  box  to  which  all  of  the  sampling  tubes  were  connected. 
Analyses  were  made  with  the  Orsat  apparatus. 

(<^)  Flue  Temperatures. — The  flue  temperatures  recorded  were 
taken  at  the  center  of  the  uptake  at  the  same  section  from  which 
the  flue  gas  samples  w^ere  drawn, 

(.9)  Water-back. — The  amount  of  water  used  by  the  water- back 
was  measured  by  means  of  a  meter  which  had  been  calibrated  and 
found  reliable  over  the  range  at  which  it  worked. 

(10)  Temperatures^  Pressures  and  Drafts. — Temperatures,  pres- 
sures and  drafts  were  recorded  in  the  usual  manner  either  with 
direct  reading  or  recording  instruments.  Observations  were  in 
general  taken  every  20  minutes,  although  some  observations  were 
made  at  longer  or  shorter  intervals,  as  seemed  desirable  in  partic- 
ular cases. 

(11)  Furnace  and  Combustion  Chamber  Temperatures. — Furnace 
and  combustion  chamber  temperatures  were  taken  at  four  places. 
These  observations  w^ere  taken  hourly  for  all  tests  and  during  some 
tests  at  20  minute  intervals.  Thermo-electric  couples  were  em- 
ployed which  were  capable  of  registering  temperatures  to  about 
2400°  F.  to  2500°  F.  before  breaking  down.  Four  such  couples 
were  used,  two  of  which  broke  down  during  the  tests,  due  to  exposure 
to  excessive  temperatures.  With  four  couples  in  service  the  four 
observations  were  taken  consecutively  during  an  interval  of  time 
amounting  to  one  minute  or  less.  When  only  two  couples  were 
in  service  they  had  to  be  transferred,  and  the  time  required  to 
obtain  the  four  observations  amounted  to  several  minutes.  The 
couples  used  were  compared  with  each  other  and  with  other 
pyrometers,  although  complete  and  satisfactory  calibrations  were 
not  made.  As  compared  with  each  other,  the  couples  were  quite 
uniform;  while  as  compared  with  other  pyrometei's,  the  variation 
was  from  0°  to  50°  F.  All  of  the  furnace  and  combustion  cham- 
ber temperatures  given  are  the  same  as  those  recorded,  no  cor- 
rections having  been  applied.  They  can  be  used  for  purposes  of 
comparison  as  between  different  tests  or  series  of  tests  or  between 
temperatures  at  different  parts  of  the  setting.  It  is  believed  that 
most  of  the  temperatures  as  recorded  are  correct  within  a  vari- 
ation of  50°  F. ,  that  is,  within  either  25°  above  or  below  the 
recorded  observation. 
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VI.     Discussion 

(i)  Uniformity  of  Conditions. — Throughout  all  tests  an  effort 
was  made  to  maintain  conditions  uniform  except  as  such  condi- 
tions might  be  affected  by  the  two  kinds  of  tile  roof  being  used. 

In  two  important  items,  draft  and  the  amount  of  unburned 
fuel  carried  away  in  the  refuse,  there  was  some  difference  as  be- 
tween different  tests. 

The  average  draft  in  the  uptake  was  0.29  in.  of  water  for  the 
first  test  with  the  (7  tile,  0.43  in.  of  water  for  the  second  test 
and  0.35  in.  for  the  other  two  tests.  The  lowest  average  draft 
for  any  test  with  the  T  tile  was  0.31  in.  of  water,  the  highest 
0.36  in.,  and  0.35  in.  was  the  average  draft  for  each  of  the  other 
two  tests. 

The  unburned  fuel  carried  away  in  the  ash  and  refuse  was 
higher  in  the  tests  with  the  G  tile  than  in  those  with  the  T 
tile.  For  the  tests  with  the  G  tile  the  per  cent  of  carbon  in  the 
ash  and  refuse  varied  from  30  per  cent  to  21  per  cent,  while  for 
the  tests  with  the  T  tile  the  corresponding  figures  were  22  per 
cent  and  11  per  cent.  The  better  fire- bed  conditions,  indicated  by 
the  lower  percentage  of  carbon  in  the  ash  for  the  second  series  of 
tests  may  have  been  due  in  part  to  better  screened  coal  during 
the  later  tests,  and  to  the  fact  that  the  men  handling  the  boilers 
were  becoming  better  accustomed  to  the  work.  Before  any  of 
the  tests  which  have  been  reported  were  made,  however,  two  pre- 
liminary tests  of  10  hours  each  were  run  upon  the  two  days  pre- 
ceding the  first  test  reported.  Throughout  the  tests  no  particu- 
lar difficulty  was  experienced  in  maintaining  apparently  uniform 
conditions  and  operating  at  the  capacity  determined.  The  matter 
of  coal  screening  is  considered  in  the  paragraph  concerning  fuel. 

{2)  Evaporation  and  Effi^ciency. — Table  2  presents  results  as 
to  evaporative  performance  and  efficiency.  The  equivalent  evap- 
oration per  pound  of  combustible  varies  from  9.57  lb.  to  9.88  lb. 
of  water  with  the  (7  tile  roof  in  use  and  from  10.12  to  10.34  lb.  of 
water  with  the  T  tile  roof  in  use.  The  average  for  the  G  tile 
roof  test  is  9.76  lb.  and  for  the  tests  with  the  T  tile,  10.24  1b., 
an  increase  of  5  per  cent  for  the  T  tile  roof  over  the  G  tile  roof. 
The  boiler  and  furnace  efficiency  (not  including  the  grate)  shows 
an  average  efficiency  of  65.6  per  cent   for  the  G  tile  tests  and 
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68.6  per  cent  for  the  T  tile  tests,  an  increase  of  8  per  cent  in 
the  boiler  efficiency.  Corresponding  figures  based  upon  equivalent 
evaporation  per  pound  of  dry  coal  fired  and  upon  plant  efficiency, 
which  include  the  action  of  the  grate,  show  the  results  to  have 
been  about  8  per  cent  better  in  the  case  of  the  T  tile  tests  than  in 
the  case  of  the  G  tile  tests. 


TABLE  2 

Evaporative  Performance  and  Efficiency 

Comparison  Between  C  and  T  Tile-Roof  Tests 


I 


Equivalent  Evaporation  from  and    at 
212°  F. 
pounds 

Efficiency 
per  cent 

Test  No. 

Per  Found  of 
Combustible 

Per  Pound  of 
Dry  Coal 

Boiler 
and  Furnace 

Uoiler.  Furnace 
and  Grate 

C 

T 

1 

V 

T 

C 

T 

1 
2 
3 
4 

9.88 
9.57 
9.78 
9.80 

10.23 
10.34 
10.12 
10.26 

7.48 
7.56 
7.82 
7.63 

8.07 
8.37 
8.37 
8.31 

66.3 
64.4 
65.9 
65.8 

68.6 
69.4 
67.5 

68.8 

60.5 
61.5 
62.0 
61.9 

65.4 
67.5 
66.1 
67.3 

Average 

9.76 

10.24 

7.62 

8.38 

65.6             68.6 

61.5 

66.6 

{S)  Combustible  Consumed. — Item  30,  "total  combustible  con- 
sumed," was  calculated  by  subtracting  from  the  total  dry  coal 
fired,  the  ash  as  determined  by  chemical  analysis  and  the  com- 
bustible carried  away  in  the  refuse.  In  all  calculated  items  in 
which  combustible  enters  as  a  factor,  this  value  has  been  used. 
Boiler  efficiency  values  in  particular  are  affected  by  the  method 
in  which  the  total  combustible  is  computed. 

U)  Water-back. — The  amount  of  heat  taken  up  by  the  water- 
back  has  not  been  considered  in  calculating  the  results.  If  all 
of  the  heat  taken  up  by  the  water-back  were  assumed  to  have 
been  returned  to  the  boiler  in  the  feed  water  without  affecting 
conditions  otherwise,  the  efficiencies  so  calculated  would  have  been 
considerably  higher.  Table  3  gives  a  comparison  of  the  efficien- 
cies as  calculated,  and  those  calculated  on  the  assumption  that 
the  heat  taken  up  by  the   water-back   was    utilized  by  the  boiler. 
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Had  the  assumption  been  made  that  a  portion  only  of  the  heat 
taken  up  by  the  water- back  should  be  credited  to  the  boiler,  the 
values  for  efficiency  would  have  been  found  somewhere  between 
the  values  given. 

TABLE  3 

Comparisons  Concerning  Evaporative  Performance  and  Efficiency 

WHEN  Crediting  the   Boiler  with  All  of  the  Heat  Taken 

Up  by  the  Water-back 


Test 
No. 

Equivalent  Evaporation  from 

and  at  212"  F.  per  pound  of 

Combustible,  pounds 

Efficiency  of  Boiler  and  Furnace 

(not  including  grate) 

per  cent 

No  Credit  Given 

Boiler  for  Heat 

Taken  up  by 

Water-back 

Crediting  All 

Heat  Taken  Up 

by  Water-back 

to  Boiler 

No  Credit  Given 

Boiler  for  Heat 

Taken     p  by 

Water-back 

Crediting  All 

Heat  Taken  Up 

by  Water-back 

to  Boiler 

G 
Tile  Roof 

1 
2 
3 
4 

9.88 
9.57 

9.78 
9.80 

10.16 
9.89 
10.07 
10.08 

66.3 
64.4 
65.9 
65.8 

68.2 
66.5 
67.9 
67.7 

T 

Tile  Roof 

Aver. 

1 
2 
3 

4 

Aver. 

9.76 

10.23 
10.34 
10.12 
10.26 

10.24 

10.05 

10.45 
10.52 
t0.b3 
10.. 50 

65.6 

68.6 
69.4 
67.5 

68.8 

67.6 

70.1 
70.6 
68.9 
70.5 

10.45 

68.6 

70.0 

(p)  GO2  in  Flue  Gases. — The  average  CO2  content  for  all  tests 
with  the  C  tile  roof  was  6.8  per  cent  and  for  the  tests  with  the 
T  tile  roof  7.5  per  cent.  CO  was  either  not  found  in  the  flue 
gas  or  found  only  in  small  amounts.  The  lower  CO.2  content  for 
the  G  tile  roof  tests  may  have  been  due  to  poorer  fire-bed  con- 
ditions or  to  greater  leakage  of  air  through  the  setting  during 
those  tests. 

{6)  Smoke. — Except  for  the  first  test  with  the  G  tile  roof, 
during  which  regular  observations  were  not  made,  smoke  obser- 
vations were  made  at  10-minute  intervals  except  as  darkness  pre- 
vented. Irregular  observations  for  the  first  test  gave  "No  smoke" 
for  that  test. 

During  the  three  tests  upon  which  smoke  observations  were 
made  with  the  G  tile  roof,  161  observations  were  recorded. 
One  of  these  recorded  smoke  No.  1;  7  recorded  smoke  No.  i;  and 
153,  no  smoke.     This  is  considered  as  smokeless  operation. 
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During  the  four  tests  with  the  T  tile  roof,  233  observations 
were  recorded.  One  observation  of  No.  2  smoke  was  made,  which 
was  the  maximum  recorded.  As  shown  in  Table  5,  page  19,  the 
average  smoke  recorded  varied  from  9  per  cent  to  17  per  cent  for 
the  four  tests.  These  percentages  correspond  approximately  to 
No.  ^  and  No.  1  smoke  by  the  Ringlemann  scale. 

The  operation  with  the  G  tile  roof  was  smokeless  and 
higher  capacities  could  doubtless  have  been  obtained  without 
trouble  from  this  source.  With  the  T  tile  roof,  the  operation 
as  to  smokelessness  was  quite  satisfactory,  no  smoke  of  a  black- 
ness greater  than  No.  2  being  recorded,  and  the  average  for  all 
tests  being  well  under  No.  1.  It  was  evident  that  had  higher  capa- 
cities been  demanded ,  trouble  with  black  smoke  might  have  resulted. 

(?)  Furnace,  Combustion  Chamber^  Flue  Temperatures. — Table 
4  presents  the  average  temperatures  as  observed  at  four  points 
in  the  combustion  space  and  in  the  flue  for  each  test,  also  aver- 
ages for  the  four  tests  made  with  each  type  of  roof. 

It  will  be  noted  that  the  temperatures  are  uniformly  lower 
for  the  T  tile  roof  than  for  the  G  tile  roof,  the  greatest  aver- 
age difference  being  371°  at  a   point   in  the  combustion  chamber. 

Fig.  5  indicates  the  location  of  the  openings  for  the  insertion 
of  the  thermo-couples  and  the  flue  gas  pyrometer.  The  couples 
extended  in  all  cases  about  14  in.  into  the  furnace,  measuring 
from  the  inside  of  the  setting. 


TABLE  4 
Temperatures  in  Furnace,  Combustion  Chamber  and  Flue 


Temperatures— Degrees  F 

Pyrometer 

Pyrometer 

Pyrometer 

No.  1 
In  Furnace 

Pyrometer 
No.  2 

No.  3 
Forward  Part 

"No.  4 
Rear  Part  of 

Pyrometer 
No.  ."> 

Test  No. 

Over 
Bridge-wall 

of  Combustion 
Chamber 

Combustion 
Chamber 

In  Uptake 

C 

T 

C 

T 

C 

T 

.       . 

C           T 

, 

2052 

1893 

2177 

1873 

2023 

1636 

1677 

1409 

549           498 

2 

2086 

1870 

2061 

1830 

1861 

1625 

1534 

1418 

565          484 

3 

2073 

1869 

2202 

1845 

2063 

1530 

1721 

1325 

563     :      458 

4 

2053 

1902 

2164 

1855 

1923 

1595 

1636 

13»4 

556           432 

Averasre 

2066 

1883 

2151 

1851 

1968 

1597 

1642     1     1384 

558           468 

Difference 

183 

300 

371 

258 

90 
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Fig.  5    Showing  Location  of  Holes  for  Insertion 
OF  Thermo-couples  and  Flue-gas  Pyrometer 
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In  Fig.  6,  there  have  been  plotted  the  average  values  for  all 
observations  taken  at  the  different  points  for  each  series  of  tests. 
The  abscissae  represent  approximately  the  distances  of  the  points 
of  observation  from  the  front  of  the  furnace. 

The  highest  temperature  recorded  was  2450°  F.  One  thermo- 
couple was  melted  down  and  destroyed  shortly  after  an  observa- 
tion of  2350°  had  been  made  from  it.  The  breaking  down  tem- 
perature was  not  noted.  All  temperature  observations  were  made 
at  regular  intervals.  The  fire  at  the  time  of  making  the  2450 "" 
observation  and  at  the  time  of  destroying  the  couple  above  re- 
ferred to  was  apparently  as  hot  as  at  any  other  time  during  the 
tests.  During  the  G  tile- roof  tests,  the  furnace  seemed  to 
reach  these  temperatures  a  number  of  times.  During  the  2' 
tile- roof  tests  the  temperatures  were  at  all  times  considerably 
lower,  the  maximum  temperature  recorded  being  2000°  F. 


TESTS   OF   TWO   TYPES   OF   TILE-ROOF   FURNACES 

VII.     Data  and  Results 
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Table  5  gives  the  principal  data  and  results  for  the  eight  tests. 
Fig.  7  presents  a  graphical  log  for  one  of  the  tests  with  C  tile 
roof  and  Fig.  8  a  similar  log  for  one  of  the  tests  with  the 
T  tile. 

TABLE  5    Data  and  Hesults 
Comparafcive  Tests  with  0  and  T  Tile-JR-oof  Furnaces 


<6 

C  Tile-Roof  Tests 

T  Tile-Roof  Tests 

Test  Number                 1 

i 

2 

I 
3        1      4 

1 

1 

2 

3             4 

1 

1 

Date  of  Trial 

Dec.  24, 

1908 

Dec.  29, 

1908 

Dec.  30, 

1908 

Dec.  31, 
1908 

Jan.  11. 
1909 

Jan.  12, 
1909 

Jan.  13,  Jan.  14, 
1909          1909 

2 

Duration  of  Trial 
(hours) 

10 

10 

10 

10 

10 

10 

10 

10 

43 


Average  Pressures 

Steana  pressure  by 
grauge,  lbs.  per  sq. 
in 

Fo'^ce  of  draft  between 
damper  and  boiler, 
inches  of  water. 

Force  of  draft  in  fur- 
nace, inches  of 

water 

Av.  Temperatures 

Of  external  air,  de- 
grees  

Of  flreroom,  degrees. . . 

Of  feed  water  entering 
boiler,  degrees 

Of  escaping  gases 
from  boiler,  degrees 
Fuel 

Weight  of  coal  as  fired, 
lb 

Percentage  of  mois- 
ture in  coal,  per  cent 

Total  weight  of  dry 
coal  consumed,  lb. . . 

Total  ash  and  refuse, 
lb 

Total  combustible  con- 
sumed, lb 

Percentage  of  ash  and 
refuse  in  dry  coal, 

per  cent 

Proximate  Analysis 
OF  Coal  AS  Fired     | 

Fixed  Carbon,  percent 

Volatile  matter,  per 
cent 

Moisture .  per  cent 

Ash,  percent 

Sulphur,  separately 
determined,  per  cent 

Moisture  in  air  dry 
sample .  per  cent 

Analysis  of  Ash  and 
Refuse 

Carbon,  per  cent 

Earthy  matter,  per 
cent 


139 


.170 

46 

68 

56 
549 

11149 
11.27 
9893 
2313 

7489 

23.38 

35.66 

37.91 
11.27 
15.16 

3.51 

3.66 

30.81 
69.19 


.43 
.165 

44 

70 

57 
565 

11000 

11.00 

9790 

1721 

7737 

17.58 

36.85 

36.83 

11.00 
15.32 

5.24 

4.81 


142 

.35 

.179 

42 
66 

57 

563 

11102 

12.13 

9755 

1853 

7802 

19.00 

37.06 

37.71 
12.13 
13.10 

4.03 

3.91 


141 


21.31   26.92 
78.69   73.08 


65 

56 

•  556 

11092 

12.84 

9668 

1860 

7.532 

19.24 

36.53 

3f..62 

12.84 
15.01 

4.10 

4.38 

25.31 
74.69 


139 

.35 

.145 

12 
64 

55 

496 

10882 

12.78 

9491 

1654 

7490 

17.43 

35.30 

36.83 

12.78 
15.09 

4.14 

4.89 

21.71 

78.29 


.31 


124 


55 

484 


.35  1 

I 
.116  I 

22  i 

74  I 

.55' 

458 


10340  !  10058 

12.72  1  12.60 

9025  8791 

1376  I  1346 

7299  i  7270 


15.2;- 


36.55 
12.72 
14.64 

4.29 

5.29 

15.45 
84.55 


15.31 


37.02 

36.73 
12.60 
13.65 

3.79 


10.96. 
89.04 


.130 

35 

72 

55 
432 

10438 

12.25 

9159 

1374 

7417 

15.00 

35.17 

37.52 
12.25 
15.06 

4.72 

5.80 

12.39 

87.61 
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TABLE  5    Data  and  Results 
Comparative  Tests  with  C  and  2' Tile-Roof  Furnaces 


C 

'  Tile-Roof  Tests 

T  Tile-Roof  Tests 

1 

. 

2 

3 

4 

1 

2 

3 

4 

FUEL  Peh  Hour 

46 

Dry  coal  consumed  per 

hour,  lb 

989.3 

979.0 

975.5 

966.8 

949.1 

902.5 

879.1 

915.9 

48 

Dry  coal  per  square  foot 
of  grate  surface  per 

hour,  lb 

25.89 

25.63 

25.54 

25.31 

24.85 

23.63 

23.01 

23.98 

Calorific  Value  of 

Fuel 

50 

Calorific  value  by  oxy- 
gen calorimeter,  per 

lb.  of  dry  coal.  B.t.u 

11935 

11883 

12194 

11905 

11911 

11972 

12223 

11923 

51 

Calorific  value  by  oxy- 
gen calorimeter  per 

lb  of  combustible.  B.t.u 

14394 

143.54 

14331 

14381 

14403 

14384 

14485 

14393 

Quality  OF  Steam 

54 

Percentage  of  moisture 

in  steam,  per  cent.. 

1.13 

1.06 

1.20 

1.16 

1.06 

1.12 

1.18 

1.13 

Water 

57 

Total  weight  of  water 

fed  to  boiler,  lb 

61687 

61759 

63702 

61524 

63772 

62882 

61279 

63370 

58 

Equivalent  water  fed 
to  boiler  from  and 

at212^  lb 

74598 

74610 

76997 

74419 

77185 

76125 

74190 

76716 

59 

Water  evaporated, 
corrected   for  qual- 

ity of  steam,  lb 

61175 

61277 

63141 

61001 

63275 

62366 

60746 

62844 

60 

Factor  of  evapoi  ation. . 

1.20930 

1.20808 

1.20870 

1.20960 

1.21032 

1.21060 

1.21070 

1.21060 

61 

Equivaien-  water 
evaporated  into 
dry  steam  from  and 
at  212''  (Item  ."^9  X 

Item  60).  lb 

73979 

74028 

76319 

73787 

76583 

75500 

73545 

76079 

Water  per  Hour 

62 

Water  evaporated  per 
hour,  corrected  for 
quality    of    steam, 

lb 

6117.5 

6127.7 

6314.1 

6100.1 

6327.5 

6236.6 

6074.6 

6284.4 

63 

Equivalent  evapora- 
tion per  hour  from 

and  at  212Mb 

7397.9 

7402.8 

7631.9 

7378.7 

7658.3 

7550.0 

7354.5 

7607.9 

64 

Equivalent  evapora- 
tion per  hour    from 
and  at  212°  per 
S(iuare  foot  of  wa- 
ter-heating surface. 

lb 

3.65 

3.65 

3.77 

3.64 

3.78 

3.72 

3.63 

3.75 

HOR.SE-POWER 

65 

Horse-power    develop- 
ed.    (34H  lbs.  of 
water  evaporated 
per    hour  into    dry 
steam  from  and  at 
212°.  equals  one 

horse-power),  H.  P. . 

214.4 

214.6 

221.2 

213.9 

222.0 

218.8 

213.2 

220.5 

66 

Builders    rated  hor.se- 

power'  H.  P 

210 

210 

210 

210 

210 

210 

210 

210 

67 

Percentage  of  build- 
ers" rated  horse- 
power developed. 

. 

percent 

loa 

102 

105 

102 

106 

104 

102 

105 
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TABLE  5    Data  and  Results 
Comparative  Tests  with  0  and  T  Tile-Roof  Furnaces 


wo 


C  Tile-Roof  Tests 


7'  Tile-Koof  Tests 


70 


71 


72 


73 


77 


Economic  Results 

Water  apparently 
evaporated  under 
actual  conditions 
per  pound  of  coal  as 
fired.    (Item  57  -^ 
Item  25).  lb 

Equivalent  evapora- 
tion from  and  at 
212°  per  pound  of 
coal  as  fired.    (Item 
61  H-  Item  25),  lb.... 

Equivalent  evapora- 
tion from  and  at 
212°  per  pound  of 
drv  coal.     (Item  61 
-H  Item  27).  lb 

Equivalent  evapora- 
tion from  and  at 
212°  per  pound  of 
combustible.    (Item 
61  -^  Item  80) .  lb ... . 
Efficienct 

EfQciency  of  the  boil- 
er; heat  absorbed 
by  the  boiler  per  lb. 
of  combustible  div- 
ided by  the  heat  val- 
ue of  one  lb.  of  com- 
bustible, percent... 

Efliciency  of  boiler, 
including  the  grace; 
heat  absorbed  by 
the  boiler,  per  lb. 
of  dry  coal,  divided 
by  the  heat  value 
of  one  lb.  of  dry 

coal,  per  cent 

Cost  of  Evapora- 
tion 

Cost  o-f  fuel  used  for 
evaporatine:  1.000 
lbs.  of  water  from 
and  at  212°.  with 
coal  at  $  1  -00  per  ton 

of  2.000  1b 

Smoke  Observations 

Percentage  of  smoke 
as  observed,  per 

cent 

analysis  of  the  dry 
Gases 

Carbon  dioxide  (CO2), 
per  cent 

Oxygen  (O),  percent.. 

Carbon  monoxide 

(CO),  percent 

Nitrogen  (by  differ- 
ence) (N),  percent.. 


5.53 


.64 


7.48 


66.28 


.0753 


7.5 
11.7 


0.1 


5.61 


6.73 


7.56 


64.38 


61.46 


.0743 


5.1 
14.9 


0.0 
80.0 


5.74 

5.55 

6.87 

6.65 

7.82 

7.63 

9.78 

9.80 

1 

65.92 

65.79 

61.97 

61.92 

.0728 

.0752 

0. 

1. 

7.7 
11.6 

0.0 

80.7 


7.0 
12.8 


0.0 

30.2 


5.86 


7.04 


8.07 


10.23 


68.56 


65.43 


.0710 


6.7 
13.1 


0.0 


6.08 

6.09 

7.30 

7.41 

8.37 

8.37 

10.34 

10.12 

69.45 

67.45 

67.49 

66.10 

.0685 

.0675 

11. 

13. 

_ 

.. 

11.7 

11.8 

0.0 

0.0 

80.6 

80.5 

8.31 


10. 2€ 


68.83 


'.28 


.0686 


11.5 
0.0 
80.6 
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I.     Introduction 


The  primary  object  of  this  study  has  been  to  produce  a  series  of 
accurate  formulas  and  tables  for  the  different  forms  and  materials  of 
base  and  bearing  plates.  These  formulas  are  required  to  be  as  simple 
and  as  easily  applied  as  possible  and  to  be  in  accordance  with  the  local 
building  ordinances  of  the  larger  cities  in  the  United  States. 

A  secondary  purpose  has  been  to  devise  a  similar  series  of 
formulas  based  on  the  common  theory  of  the  fracture  of  such  plates 
and  to  check  the  accuracy  of  these  common  formulas  by  experimental 
tests  of  a  series  of  plates  designed  in  accordance  with  such  formulas. 
A  number  of  typical  plates  were  so  designed  and  tested  in  1907  by 
Mr.  C.  R.  Dick,  B.  S.  in  Architectural  Engineering,  and  the  results 
were  discussed  in  his  thesis. 

Up  to  the  present  time,  very  little  study  of  theory  and  no  experi- 
mental research  appear  to  have  been  devoted  to  these  plates.  Even 
the  German  writers  usually  give  incorrect  theories  with  formulas  based 
thereon,  formulas  which  give  erroneous  dimensions  of  base  plates. 


II.     Limit  of  Safe  Pressure  of  Plate  on  Masonry 


The  maximum  safe  pressure  of  the  plate  on  the  masonry  be- 
neath it  varies  greatly,  according  to  the  nature  and  the  resistance  of 
this  material ;  the  requirements  of  the  city  building  ordinances  also 
dififer  considerably  for  the  same  kind  of  masonry.  These  requirements 
seem  to  be  based  upon  local  customs  and  not  on  actual  experimental 
tests.  Examples  of  such  maximum  safe  pressures  are  here  quoted 
from  the  ordinances  of  New  York,  Chicago  and  Washington,  D.  C, 
selected  as  representative  cities,  and  these  are  further  compared  with 
the  values  given  in  Kidder's  Pocket  P)Ook.    (Table  1.) 

Therefore  this  maximum  safe  pressure  of  the  plate  on  masonry 
appears  to  vary  between  70  and  1000  pounds  per  square  inch,  the 
larger  value  being  allowed  for  truly  dressed  large  blocks  of  stone. 
The  vaUic  to  be  employed  must  be  taken  in  accordance  with  the  local 
building  ordinance. 
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Table  1 

Safe  Pressures  on  Masonry  in 

Masonry  N.  Y. 

Granite 

Limestone    

Sandstone    

Dimension  stone,  rough 

Rubble  in  portland  cement.  .  138,89 
Rubble  in  natural  cement ...  111.11 
Rubble  in  cement  and  lime.       97.22 

Rubble  in  lime 94.44 

Brickwork  in  portland  cement.  208.33 

Brickwork  in  natural  cement 

Brickwork  in  cement  and  lime.  159.72 

Brickwork  in  lime 111.11 

Concrete  in  portland  cement  208.33 
Concrete  in  natural  cement.      111.11 


Pounds  per  Square  Inch 

Chicago 

Wash'ton 

Kidder 

173.61 

1000-2400 

1000 

173.61 

700-2300 



173.61 

400-1600 

400-700 

138.89 



140. 

150-200 

111. 



97. 

70. 

173.61 

250. 

150-250 

125. 

208. 
160. 

90.28 

111. 

100-120 

173.61 

208-230 
111-125 

200. 

III.     Maximum  Safe  Fiber  Stress  in  Metal  of  Plate 

This  maximum  fiber  stress  in  pounds  per  square  inch  occurs  at 
either  top  or  bottom  of  a  plate  of  uniform  thickness,  or  at  the  bottom 
of  a  cast-iron  plate  of  tapered  thickness.  It  must  not  exceed  the  in- 
tensities given  in  the  following  table,  which  are  almost  uniformly 
adopted  throughout  the  United  States. 

Table   2 


Maximum  Safe  Fiber  Stress  in  Plates 


Chicago  Wash'ton 


Kidder 
16  000 
16  000 
12  000 
12  000 


Metal  N.  Y. 

Steel,   compression 16  000  16  000       16  000 

Steel,  tension 16  000  16  000       16  000 

Wrought  Iron,  compression 12  000  12  000       12  000 

Wrought  Iron,  tension 12  000  12  COO       12  000 

Cast   Iron,   compression 16  000       10  000       16  000       

Cast  Iron,  tension 3  000         2  500         3  000       

Evidently  the  maximum  tensile  stress  in  cast-iron  permitted  in 

Chicago    might    safely    be    increased    from  2500  to  3000  pounds  per 

square  inch,  which  is  permitted   in  about  one-half  the   cities  in  the 
United  States. 
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IV.     Common  Formulas 

The  ordinary  formulas  for  base  plates  are  usually  empirical  (Kid- 
der) or  they  are  otherwise  based  on  the  theory  that  the  line  of  frac- 
ture of  a  base  plate  is  a  straight  line  tangent  to  the  exterior  of  the 
foot  of  the  column  standing  on  the  plate  (Kohnke).  In  accordance 
with  this  theory,  a  series  of  formulas  was  deduced  and  later  published 
in  the  Handbook  of  the  Chicago  Architects'  Business  Association.  The 
essential  formulas  are  the  following: 

A.     For  Steel  Plates  of  Uniform  Thickness 

Let  p  =  maximum  safe  pressure  of  plate  on  masonry  in  lb.  per  sq.  in. 
k  =  perpendicular  distance  in  inches  from  column  to  edge  of  plate. 
t  =  thickness  of  plate  required,  in  inches. 

{a)    For  square  plates  (Fig.  1) 


Fig.  i 
The  line  AB  (Fig.  1)  is  the  theoretical  fracture  line. 

{b)  For  octagonal  plates  (Fig.  2) 


(1) 


Fig.  2 
The  segment  ADB  may  be  divided  into  triangles,  when  its  center 
of  gravity   C  is   easily   found  by  graphical   methods.      (See  Graphic 
Statics.) 
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Let   /  =  perpendicular  distance  in  inches  from  C  to  line  of  frac- 
ture AB. 
b  =  length  in  inches  of  line  of  fracture. 

a  =  area  in  square  inches  of  the  segment  ADB  outside  the 
line  AB. 


Then 


3  apl 

( c)  For  circular  plates  (Fig.  3) 


1  f 

40  \ 


(2) 


Join  the  ends  A  and  B  of  the  chord  fracture  line  with  the  center 
O  by  the  radii  AO,  OB,  and  draw  OD  perpendicular  to  AB. 
Let  /3   =  angle  AOB  in  degrees  between  radii  AO,  BO. 

A  =  area  in  square  inches  of  the  entire  circle  of  the  plate. 
h  =  length  in  inches  of  chord  fracture  line  AB. 
R  =  external  radius  of  end  of  column  in  inches. 
A 


Then 


-— -— =  area  of  the  sector  ADBO  in  square  inches. 
360  ^ 


bR 


Hence 


Also 


Hence  / 


Finally, 


2 
A  ^ 


area  in  square  inches  of  triangle  ABO. 


bR 


360 

b^ 

12a 

12  a 


=  a  =  area  in  square  inches  of  segment  ADB. 


=  distance  in  inches  from  center  O  to  center  of  grav- 
ity C  of  the  segment. 

— ■  R  =  perpendicular  distance  in  inches   from   C  to 


chord  line  of  fracture  AB. 
1 


J_     I  3  ap 

40   ^  o   b 


(3) 
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B.     For  Cast-iron  Plates  of  Tapered  Thickness 

Such  plates  are  of  uniform  thickness  only  beneath  the  end  of  a 
column  or  beam,  and  are  flat  on  the  under  side,  but  are  beveled  off  on 
top  from  column  to  edge  of  the  plate.  These  edges  are  usually  made 
at  least  :^-in.  thick,  and  a  good  rule  is  to  make  the  edge  one-fourth 
the  thickness  at  the  middle.  These  formulas  are  deduced  for  sharp 
edges  or  a  trapezoidal  fracture  section,  and  they  are  therefore  only 
approximate  for  plates  with  thick  edges. 


(a)  For  square  plates  (Fig.  4) 


Fig.  4 

1  A  ^  =  projection  of  the  edge  of  the  plate  outside  the  column,  meas- 
ured in  inches  and  perpendicular  to  the  edge. 
k'=  side  in  inches  of  square  on  top  of  plate  and  tangent  to  column. 
Tlie  line  of  fracture  AB  is  parallel  to  a  side. 

The  thickness  in  inches  of  plate  at  middle  is  then  given  by  the  formula 


t  = 


k 

To 


u 


6  i>  (  ^-  4-  -^  ) 


w 


k  -\-  k' 

(b)  For  octagonal  plates  (Fig.  5) 

D 


A-t 


FiG.  5 
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In  the  manner  already  explained  for  the  octagonal  steel  plate  may- 
be found  the  area  a  of  the  segment  ADB,  its  center  of  gravity  C,  and 
the  distance  /. 

The  thickness  in  inches  at  the  middle  is  then  approximately 


t  = 


j_     I  12  apl 


50 

(c)  For  circular  plates  (Fig.  6) 


^^  (^) 


Fig.  6 


As  for  circular  steel  plates : 

_  A  P         bR  , 

^  ~~  ^GcT 2~  ^  ^^^^  ^"  square  inches  of  segment  ADB. 

^  —  ~ —  —  R  =  perpendicular  distance  in  inches  from  C  to  line 
IZ  ci 

AB.  The  actual  fracture  section  lying  between  a  very 

flat  hyperbola  and  its  chord,  a  parabola  may  be  substituted 
therefor  v^ithout  material  error. 

The  thickness  at  middle  is  given  by  the  formula 


^  _1_      1 35  apl  ^      1  I  apl 

50    \j    S  b  23.9   Sj~b~ 


(6) 
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V.     Results  of  Tests  by  C.  R.  Dick 

Employing  the  preceding  formulas,  I\Ir.  C.  R.  Dick  designed  in 
1907  a  series  of  square,  octagonal  and  circular  plates  of  steel  and  of 
cast  iron,  and  afterwards  tested  them  in  the  testing  laboratory  of  the 
University. 

Each  plate  had  a  bottom  area  of  400  sq.  in.  and  transmitted  the 
very  moderate  safe  pressure  of  50  lb.  per  sq.  in.,  making  a  total  maxi- 
mum safe  pressure  of  20  000  lb.  for  the  entire  plate.  The  thickness  of 
each  plate  was  made  such  that  the  maximum  safe  fiber  stress  in  the 
fracture  section  produced  by  this  maximum  safe  pressure  should  not 
exceed  16  000  lb.  for  steel  or  2500  lb.  for  cast  iron  in  tension,  as  re- 
quired by  the  Chicago  ordinance. 

The  distribution  of  the  pressure  of  the  plate  uniformly  over  the 
lower  surface  required  some  form  of  elastic  cushion  between  the  plate 
itself  and  the  very  rigid  bed  of  the  testing  machine.  A  cushion  was 
composed  of  several  folded  blankets,  a  folded  woollen  comfortable  and 
two  thicknesses  of  rubber  packing,  but  it  failed  under  moderate  pres- 
sures, though  not  sufficiently  to  seriously  injure  the  plates  except  in 

Pressure  Head 


Cushion 


^ 


-Disk 

Hub 

Plate 


Fig.  7 

the  case  of  the  cast  iron.  (Fig.  7).  A  cushion  of  dry  sand  forming  a  layer 
2  inches  thick  was  enclosed  within  a  steel  hoop  a  little  larger  than  the 
plate,  but  the  sand  packed  irregularly  and  failed  to  transmit  a  uniform 
pressure.  A  satisfactory  cushion  was  finally  composed  of  11  layers  of 
oak  pieces,  cut  24  x  3  x  ^  in.  piled  in  crosswise  layers,  leaving  ^  in. 
spaces  between  the  pieces  to  permit  expansion.  (Fig.  8V  This  cushion 
proved  to  be  sufficiently  clastic  and  also  able  to  sustain  pressures  suffi- 
cient to  break  the  cast-iron  plates.  Indeed  it  later  supported  without 
great  injury  a  load  of  620  000  lb.,  or  31  times  the  safe  pressure  for 
which  the  plates  were  designed  Any  injured  pieces  could  easily  be 
replaced  in  order  to  maintain  the  efficiency  of  the  cushion. 
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Pressure  was  applied  to  the  flat  top  of  the  plate  by  a  hollow  cylin- 
drical cast-iron  hub  12  inches  long,  4  inches  external  diameter,  and  ^ 
inch  thickness  of  metal.  Since  the  plates  were  not  planed  on  top 
(which  is  seldom  done  in  practical  construction),  several  thicknesses 
of  heavy  manila  paper  were  inserted  between  the  hub  and  the  plate. 
On  the  hub  rested  the  pressure  head  of  the  testing  machine,  while  the 
elastic  cushion  was  placed  between  the  plate  and  the  bed  of  the  ma- 
chine. Thus  the  conditions  of  the  test  fairly  represented  those  exist- 
ing in  actual  structures,  where  the  masonry  yields  somewhat  and  is  not 
absolutely  rigid  like  the  bed  of  the  testing  machine. 


The  square  steel  plates  were 


in.   thick;   the   octagonal   and 


circular  steel  plates  were  ^  in.  thick.  The  upward  deflections  of  their 
outer  edges  were  measured  at  4  points  to  V^^^^  in.,  and  each  plate  was 
gradually  loaded  to  120  000  lb.,  or  with  six  times  its  maximum  safe 
load.  This  produced  an  average  maximum  deflection  of  0.29  in., 
leaving  a  permanent  set  averaging  0.18  in.,  when  the  pressure  was 
removed.  The  plate  was  thus  dished,  but  no  failure  or  cracks  were 
produced. 

These  results  show  that  a  steel  base  plate  bends  more  than  one  of 
cast  iron,  and  that  it  does  not  so  uniformly  distribute  its  load  over  the 
masonry  beneath  it  as  a  more  inflexible  cast-iron  plate.  It  follows 
that  the  latter  plate  is  preferable  for  the  purpose.  Empirical  rules 
usually  make  steel  plates  one-half  the  thickness  of  cast-iron  plates  sup- 
porting equal  loads. 

Mr.  Dick  deduced  from  his  experiments  the  following  conclusions 
for  steel  plates. 
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"1.  The  (preceding)  formulas  for  the  design  of  steel  base  plates 
are  entirely  safe. 

2.  The  limit  of  16  000  pounds  fiber  stress  permitted  by  the  Chi- 
cago ordinance  is  perhaps  too  large,  since  marked  deflections  take  place 
rapidly  after  this  fiber  stress  has  been  exceeded. 

3.  Steel  plates  projecting  more  than  two  diameters  of  the  hub 
(or  column)  beyond  it,  should  be  designed  for  deflection,  or  it  would 
be  better  to  use  a  cast-iron  plate  for  large  loads. 

4.  The  circular  is  the  most  economical  shape  for  a  bearing  plate." 
The  cast-iron  plates  were  beveled  on  top  from  the  hub  to  a  uni- 
form thickness  of  }i  in.  at  the  edges,  the  bottom  being  a  plane  surface. 
They  were  cast  and  tested  in  sets  of  threes  of  each  form.  The  square 
plates  (Fig.  9)  were  27^^  inches  thick  beneath  the  hub;  the  octagonal 
plates  (Fig.  10)  were  2%  inches,  while  the  circular  plates  (Fig.  11) 
were  27^^  inches.  All  cast-iron  plates  were  tested  to  fracture,  which 
occurred  with  the  load  indicated  in  the  figures  for  each  plate.  Plates 
A  1,  B  1  and  C  1  were  tested  on  the  cushion  of  folded  blankets,  etc. 
(Fig.  7),  which  crushed  and  distributed  the  pressure  unequally,  the 
plate  thus  failing  under  a  smaller  load.  The  other  plates  were  tested 
on  the  wooden  cushion,  Fig.  8. 

T 


Ai.  Folded  Cushion  A  2.  yyocd  Cushion. 

I55000lb:i.  Breaking  Load         ZSQOOOlhi. 


A3.  Wood  Cushion. 

2J3S00lb3. 
Fig.  9 
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Cl  Folded  Cushion 
bTOOOlby 


Cz.  U^ood  Cushion 
I2iooolto. 


Cs  Wood  Cushion- 

n  7  500 /6s. 
Fig.  10 


3 1.  Folded  Cushion 
159  000  lbs. 


3z.  Wood  Cushion 
Zl 5  000  lbs. 


33  Wood  Cushion 
ZJSSOOlbs. 

Fig.  11 
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From  the  results  of  these  tests,  ]\Ir.  Dick  deduced  the  following 
conclusions  for  cast-iron  plates. 

''1.  The  (preceding)  formulas  for  the  design  of  cast-iron  plates 
may  be  used  with  safety. 

2.  A  greater  fiber  stress  than  that  permitted  by  the  Chicago  or- 
dinance could  be  used  with  safety. 

3.  Cast  iron  is  better  adapted  for  base  plates  than  steel,  as  it 
gives  a  uniform  distribution  of  the  load  over  the  bearing  area  for  a 
greater  range  of  loading. 

4.  Cast  iron  will  not  deteriorate  as  rapidly  as  steel  when  in  a 
damp  placC;  and  for  this  reason  cast  iron  should  be  preferred." 

Mr.  Dick  likew^ise  notes  that  the  fracture  lines  pass  through  the 
center  of  each  plate  and  are  not  tangent  to  the  hub,  as  assumed  by  the 
preceding  formulas.  He  also  suggests  that  assummg  the  fracture  line 
through  the  center  of  each  plate,  the  resultant  moment  of  the  pressures 
about  this  line  may  be  found  and  equated  to  the  resistance  moment  of 
the  fracture  section.  But  since  this  procedure  would  render  the  for- 
mulas much  more  complex  and  increase  the  labor  of  designing  a  plate, 
the  extra  labor  would  not  be  repaid,  being  unnecessary  for  safety. 

The  direction  of  the  fracture  line  in  the  plates  tested  was  some- 
times changed  by  the  influence  of  side  cracks,  probably  due  to  slight 
irregularities  in  the  distribution  of  the  pressure,  or  perhaps  to  slight 
flaws  in  the  castings. 

VI.     New  Formulas 

The  new  formulas  proposed  are  based  on  the  following  princi- 
ples, the  result  of  a  theoretical  investigation  and  of  the  nature  of  the 
failures  of  the  plates. 

1.  The  line  of  fracture  is  a  shorter  diameter  of  the  plate. 

2.  The  breaking  moment  about  this  lin^  is  greater  than  that 
about  a  line  tangent  to  the  column  or  hub. 

3.  The  weight  of  a  base  plate  is  very  small  in  proportion  to  the 
load  transmitted  by  it,  and  it  may  safely  be  neglected  in  the  formulas. 

4.  The  pressures  at  the  top  and  the  bottom  of  the  plate  are  then 
equal  and  act  in  opposed  directions  with  unequal  lever  arms. 

5.  Their  moments  alx)ut  the  fracture  line  being  necessarily  un- 
equal, their  resultant  maximum  safe  moment  is  equal  to  the  maximum 
safe  re ''Sting  moment  of  the  fracture  section  of  the  plate. 
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VII.     Resultant  Bending  Moment  Acting  About  Fracture 

Line 

Let  A  =  total  area  of  the  plate  in  square  inches; 
P  =  total  load  in  pounds  transmitted  by  it ; 

L'=  perpendicular  distance  in  inches  from  fracture  line  to  center 
of  upward  pressures  on  one-half  the  area  of  the  plate; 
then  L'=  0.25  X  length  in  inches  of  a  wall  or  bearing  plate; 
=  0.25  X  side  of  a  square  plate ; 
=  0.2187  X  inscribed  diameter  of  octagonal  plate; 
=  0.2122  X  diameter  of  circular  plate. 
Let  L"  =  perpendicular  distance  in  inches  from  fracture  line  to  center 
of  downward  pressures  on  one-half  the  area  of  the  plate; 
then  L"  =  0.25  X  width  of  a  beam  or  girder  on  a  bearing  plate ; 
=  0.25  X  side  of  a  solid  square  post  or  column ; 
=  0.2187  X  diameter  of  solid  octagonal  post  or  column; 
=  0.2122  X  diameter  of  solid  cylindrical  post  or  column. 
Let  R  =  radius  of  outer  circle  inscribed  in  cross  section  of  hollow 
square  or  cylindrical  column  ; 
r  =  radius  of  inner  circle  inscribed  in  hollow  square  or  round 
column ; 

Then  L"  =  0.500 >  for  a  hollow  square  commn. 

Limiting  values  are 

i?3 


Also       L"  =  .424 


0.500i^  for  a  solid  column. 

0.7507^  for  a  very  thin  shell  column. 

,for  a  hollow  cylindrical  column. 


Limiting  values  are 


7?2  _r^ 

A24R  for  a  solid  column. 

.637/^  for  a  very  thin  .shell  column. 

These  values  of  L"  may  readily  be  found  by  calculation,  but  much 
more  easily  by  the  aid  of  the  graphical  table,  Fig.  12. 


_ 

r  =  =  =..,^_- 

""■"""^--.                                          ^^"~.> 

'  ""  ~-^                                                                                           ^  ^-o 

^  *  >«                                                ^  ■«.           c 

'""^■«.                                                               ^"^■^/•x 

""-^^                       """"-s 

*""*>■  .^     T  _ 

: _::^5^ai,_  __ 

"*^^ 

_  :::__::__:_: ___:__ ::J: : 

•3 


.4  .5  .6 

Ratio  r  :  R 
Fig.  12 
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Example.     Assume  a  hollow  cylindrical  column,   12  in.  external 
and  9  in.  internal  diameter. 


Then 


4.5 
6.00 


0.75. 


By  the  table,  Fig.  12,        L"  =  0.56  R  =  3.36  in. 


VIII.     Resistance  jMoment  of  Fracture  Section 


The  fracture  section  is  a  plane  vertical  section  through  the  frac- 
ture line. 
Let  /  =  maximum  safe  fiber  stress  in  pounds  per  square  inch. 

B  =  length  in  inches  of  fracture  section. 

t  =  thickness  in  inches  of  plate  at  center  under  column. 

/  =  moment  of  inertia  of  the  fracture  section. 

c  =  vertical   distance   in   inches   from   horizontal   neutral    axis   to 

bottom  of  fracture  section. 

/'/ 
Then  =  maximum  safe  resistance  moment  of  fracture  section  in 

general. 

(a)  For  a  rectangular  fracture  section  of  plate  of  uniform  thickness, 

=  maximum  safe  resistance  moment. 

6 

(b)  For  tapered  section  with  sharp  edges.    (Fig.  13.) 

Let  k  =  length  in  inches  of  horizontal  top  of  section  under  column  or 
diameter  of  column. 
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nk  =  length    in   inches   of   each   tapered   portion   of   the    fracture 
section. 
B  ^  k  {2n  -\~  1)  =^  length  in  inches  of  fracture  section. 
A'^  kt  =  area  in  square  inches  of  rectangle  in  Fig.  13. 
A"=  nkt  =  area  in  square  inches  of  both  triangles  in  Fig.  13. 

d  =  —  =  vertical    distance    in    inches    from    center   of 

6(^i  +  1) 

gravity  of  rectangle  to  neutral  axis  of  fracture  section, 

Fig.  13. 

t  nt 

d   = =  vertical  distance   from  center  of   com- 

6         6  (  71  +  1  ) 

bined  triangles  to  neutral  axis  of  fracture  section,  Fig.  13. 

.        ^  .  .  .     . 

c  =  d   -{-^-  -=  vertical  distance  in  inches  from  neutral  axis  to 

bottom  of  fracture  section. 

Also     /  = — - — h  ktd'^  =  moment  of  inertia  for  rectangle. 

71  Jet  ^ 

1  = h  ^^'^^"^=  moment  of  inertia  for  combined  triangles. 

Finally        = [ -— j^  td'^  + +  '^td"^  ~\  =  safe  moment 

c  c      L  12  18  J 

of  resistance  of  fracture  section  of  the  plate.  (7) 

(c)     For  tapered  section  with  thick  edges  (Fig.  14) 


I       _i  _  »  _ 
_i 


f"  '  re 


Fig.  14 

Divide  the  fracture  section  into  two  rectangles  and  two  triangles  as 
in  the  figure. 

Let  t  =  thickness  in  inches  at  the  middle  of  the  plate. 
t'  =  thickness  in  inches  at  the  edges. 
t"=  t —  f  =  thickness  of  the  taper  in  plate. 
Then  A'  ^=  kt"=  area  in  square  inches  of  the  upper  rectangle. 
A"=  nkt"-=  area  in  square  inches  of  combined  triangles. 
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A"'=(2n  -\-  1)  ^^'=  area  in  square  inches  of  lower  rectangle. 

nt" 

e= =  vertical  distance  in  inches  from  center  of  erav- 

6(^  +  1) 

ity  of  upper  rectangle  to  joint  center  of  grav- 
ity of  this  rectangle  and  combined  triangles. 

b  =  ( e  ) 

t  ,   r  (2n  -\-\)t'  -, 

=  ( e  )     •        =  vertical  distance  m 

2  V,t"-\-7it"-[-  (2n  +  l)^'J 

inches  from  the  preceding  joint  center  of  gravity 

to  the  neutral  axis  of  fracture  section. 

Then  d'=  e  -\-  h  ^  vertical  distance  in  inches  from  center  of  gravity 

of  upper  rectangle  to  neutral  axis  of  fracture 

section. 

t" 

d"  =:  f/'  -j =  vertical    distance    from   center  of   gravity  of 

6 

combined  upper  rectangle  and  both  triangles  to  neutral  axis  of  fracture 

section. 

d'"  = d'      =  vertical  distance  in  inches  from  center  of 

2 

gravity  of  lower  rectangle  to  neutral  axis  of  section. 
Then    /'   = h   ^'i"d'^   ^moment  of  inertia  of  upper  rectangle 

about  the  neutral  axis. 

7ikt"  ^ 
I"  = h  ^'^'^"^^"' =  moment  of  inertia  of  combined  triangles 

about  the  neutral  axis. 

j,n  ^  i^^-h'^)  ^.^.3  _^  (  2  7i  +  1  )  kt'd'"'^        =  moment  of  in- 
12  'VI 

ertia  of  lower  rectangle  about  the  neutral  axis. 
Finally,  summing  these  results  for  moment  of  inertia  of  entire  section: 

c  c    L   12  18  12 

(2»  +  i)r,/-^]  = 

resistance  moment  of  fracture  section  of  a  plate  with  thick  edges=f'. 

(8) 


RICKER STUDY  OF  BASE  AND  BEARING  PLATES  17 


IX.     Method  of  Approximation 

As  cast-iron  plates  are  generally  made  with  thick  edges,  the  prac- 
tical application  of  the  last  formula  is  quite  tedious.  In  order  to  apply 
it,  it  becomes  necessary  first  to  assume  the  thicknesses  t,  t'  and  t" ,  then 
using  the  preceding  formulas  to  determine  the  corresponding  safe  re- 
sistance moment  of  the  fracture  section.  This  process  must  doubtless 
be  repeated  several  times  before  a  plate  is  found  which  has  the  re- 
quired safe  moment  of  resistance  of  section.  Hence  the  necessity  for 
a  simplification  of  the  method  by  directly  obtaining  the  required  values 
of  the  thicknesses  t,  t'  and  t" ,  which  is  accomplished  in  the  following 
manner. 

By  the  formula  for  a  rectangular  fracture  section,  the  values  of 

Z  =  if  =  i^(2.  +  l)  (9) 

ebb 

are  computed  for  n  ==  0,  n=\,  n  =  2,  n^=  3,  n  =  4,  n  =  S,  and 
these  values  lie  in  a  straight  line,  when  they  are  plotted  as  in  the  upper- 
most line  in  Fig.  15. 

By  formula  (7)   for  tapered  plates  with  sharp  edges,  are  next  com- 
puted the  values  of  —  corresponding  to  n  ^  0,  n  =  1,  n  =  2,  n  ^  3, 

n  =  4,  and  n  =  S.  These  values  are  then  plotted  in  Fig.  15,  forming 
the  slightly  curved  and  dotted  line,  next  to  the  lower  straight  line. 
Joining  the  ends  of  the  curve  by  the  straight  full  line,  this  is  found  to 
almost  coincide  with  the  curved  line,  for  which  it  may  be  substituted 
with  a  slight  error  on  the  safe  side. 

Similarly  for  n  =  5  onlv,  —  is  computed  for  edge  thickness  t'  = 

"     c 

0.1  t,  0.2  t,  0.3  t,  0.4  t,  O.St,  0.6  t,  0.7  t,  0.8  f,  and  0.9  t.  These 
values  are  laid  off  on  the  vertical  for  w  =  5,  and  straight  radial  lines 
are  drawn  to  these  points  in  Fig.  15.  The  corresponding  per  cents  of 
resistance  may  then  be  easily  computed  for  n  =  5,  as  written  in  Fig. 
15,  and  which  signify  that  the  resistance  moment  of  a  tapered  fracture 
section  is  a  certain  per  cent  of  that  of  a  rectangular  section  of  equal 
thickness,  only  for  n  =  5. 

It  now  remains  to  determine  this  per  cent  for  any  other  value  of  n. 
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The  graphical  table  in  Fig.   16  is  readily  computed  and  plotted 
from  the  data  obtained  in  Fig.  15.     It  is  used  as  follows: 


2.0 


1.8 


1.6 


1.4 


1.2 


1.0 


.4 


5.   (Values  of  ratio  «) 


Let  @  =  per  cent  of  resistance  moment  of  a  rectangular  fracture 
section,  which  is  possessed  by  a  tapered  section  with  the  same  thickness 
t  and  the  same  value  of  n. 

Example  1.     Let  t'  ■■-=  0.3  t  =  edge  thickness  and  n  =  2. 

A  vertical  through  2  in  Fig.  16  intersects  the  curve  0.3  on  a  hori- 
zontal through  70.5  at  the  left,  which  is  the  required  per  cent. 
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Fig.  16 

Example  2.     Let  t'  =  2.5  and  n  =  3.5. 

A  vertical  through  3.5  intersects  the  interpolated  curve  2.5  on  a 
horizontal  through  70.2  at  the  left,  the  required  per  cent. 

It  is  further  evident  that  the  actual  thickness  f  of  a  tapered  plate 
must  be  somewhat  greater  than  that  of  a  plate  of  uniform  thickness, 
when  both  are  required  to  possess  equal  resistance  moments. 

The  general  formula  for  base  plates  is : 


Or 


^s  for  a 


L") 


thickness  in  inches  for  a  plate  of  uniform  thickness.       (10) 

(11) 


thickness  for  a  cast-iron  plate. 

t' 

Let  @  =  per  cent  corresponding  to    —  and  n,  found  by  table  (Fig.  16) 


i  hen  for  cast  iron,  /  =    |_^  I  _^  (  i,'  _  X"  )  =  required 

thickness  t  under  the  column  for  a  tapered  cast-iron  plate,  possessing 
a  resistance  moment  equal  to  that  of  a  plate  of  uniform  thickness  t 
determined  by  formula  11.  (12) 
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X.     Complete  Formulas  for  Plates  of  Uniform  Thickness 


By  equating  the  resultant  bending  and  safe  resistant  moments 
acting  about  the  neutral  axis  of  the  fracture  section  of  the  plate,  the 
following  general  formulas  are  obtained : 


The  primary  formula  is: 

F  fl 

JI  =  —  (^U  —  L")  =  R  =  ^, 

2  c 


(13) 


(a)     Bearing  plate  on  wall  (Fig.  17) 


Fig.  17 

Let  d  =  width  in  inches  of  the  plate,  usually  equal  to  the  thickness  of 

the  wall. 
Then 

2   ^  ^6 


Or 


Hence  t 


And  t  = 


Pnk  fdt' 


4  6 

I  3  Pnk 

I ~—  =  thickness  of  the  plate  in  inches. 

V    2  fd 


(1^) 


1         I    Pnk 
103. 3\       d~ 


thickness  in  inches  of  a  steel  plate.     (15) 


=   I =  thickness  of  cast-iron  plate,  /  =  3000  lb. 

44. 7>/      d  (15) 


1         I   Pnk 


40 


—    I ^^=  thickness  of  cast-iron  t)late,  /  =  2500  lb. 

«\      <l  (17) 
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If  a  square  or  cylindrical  column  stands  on  the  bearing  plate  in- 
stead of  the  end  of  a  beam  resting  thereon,  L"  is  to  be  found  and  then 
inserted  in  the  general  formula,  by  which  t  may  then  be  found.  (Sec. 
VII).      The  general  formulas  then  become: 


103. 3\  </  V    2      "^    4  / 

thickness  for  steel  plate. 


44 


P  /  nk 


+ 


■") 


thickness  for  cast-iron,  /  =  3000  lb. 


(18) 


(19) 


40 


I  P  /  nk 


+ 


SSj  d  \    2 

thickness  for  cast-iron,  / 


2500  lb. 


(20) 


Formulas  16,  17,  19  and  20  are  also  applicable  to  cast-iron  bearing 
plates  tapered  in  thickness  from  beam  or  column  to  each  end,  since  the 
fracture  section  always  remains  rectangular  in  form. 

(b)     Square  plate  (Fig.  18) 


Let    5  =  side  of  square  plate  in  inches. 


Thenf=    \^  ^{  ^ Z"^  =  thickness  of  plate  in  inches.  (21) 

\fS   V   4  / 
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73  >;  >S'  V  4  ) 

thickness  of  steel  plate  in  inches. 


thickness  for  cast-iron,  /  =  3000  lb. 
thickness  for  cast-iron,  /  =  2500  lb. 


(c)     Octagonal  plate  (Fig.  19) 

A 


•SI87D 


-1> J 


3 
Fig.  19 

Let  D  =  inscribed  diameter  of  octagon. 

L'=.21S7D. 


thickness  of  plate  in  inches. 


thickness  of  steel  plate. 


t=  \^  ( .21S1D  -^  L"  )  = 

31.6  si  D   \  ) 

thickness  of  cast-iron  p'ato,  /  =3000  lb. 


(22) 


(23) 


(24) 


(25) 


(26) 


(27) 
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t=  L^-  ('.2187Z>—  X"  W 

28.9  \  -^    ^  ' 

thickness  of  cast-iron  plate,  /  =  2500  lb.  (28) 


.(d)     Circular  plate  (Fig.  20) 


Let  D  =  diameter  of  the  plate  in  inches. 
L' =  .21220. 


thickness  of  the  plate.      .  (29) 


thickness  for  steel  plate.  (30) 


t  - 

31 


— -     \^  (.2122D^L"   )  = 

thickness  for  cast-iron,  /  =  3000  lb.  (31) 

14^  C.2122X>  — X"  )  = 

28.9  \  I)    \  J 

thickness  for  cast-iron,  /  ^  2500  lb.  (32) 
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XI.     For  Plates  of  Tapered  Thickness 

These  comprise  all  cast-iron  base  plates,  which  are  always  made 
thinner  at  their  edges  for  the  sake  of  economy.  Bearing  plates  of  cast 
iron  set  on  walls,  however,  have  a  rectangular  fracture  section,  for 
which  direct  formulas  have  already  been  given.  (Formulas  16, 17, 19,20.) 

The  thickness  required  at  the  middle  of  a  tapered  cast-iron  plate 
may  now  be  easily  found. 

1.  Compute  the  thickness  for  a  rectangular  fracture  section. 

V 

2.  Assume  the  desired  ratio  • of  thickness  at  ed^e  and  middle. 

t  "" 

3.  By  the  table,  Fig.  16,  determine  the  per  cent  @  of  its  resist- 
ance in  comparison  with  a  plate  of  rectangular  section  of  equal  width 
and  thickness. 

4.  By  formula  12  compute  the  required  actual  thickness  i  at  the 
middle  of  the  plate.    Then  i'  is  easily  found. 

Example.     A  hollow  cylindrical  cast-iron  column  has  an  external 

diameter  of  6  in.,  is  ^-in.  thick  and  transmits  a  load  of  60  000  lb.  to 

the  plate.     Required  the  safe  dimensions  of  a  square  cast-iron  base- 

t' 
plate;  fiber  stress  2500  lb.  per  sq.  in. ;  ratio  —  =  0.15. ;    safe  resistance 

of  masonry  under  plate  =  125  lb.  per  sq.  in. 


J 


=  21.91  ui.  =  side  of  plate  required. 


125 

21   91  6  7.96 

nk=  11  =  7.96;    n  =^ =1.33. 

2  6.00 

r 
For  this  column,  R  =  3.00,  r  =  2.25  ''—j^=  O-'^^. 

By  the  table,  Fig.  12,  L"  =  0.56,  i?  =  1.68  in. 
By  formula  24, 

,^-J_    |6^000.^1^_^-;^_3  53.^^ 
28. 9  >^  21.91  \      4  / 

t' 
By  the  table,  Fig.  16,  for — =  0.15  and  n  =  1.33,  @  =  71  per  cent. 

By  formula  12, 

t  =      1^  X  3.53  =  4.19  in.  =  the  required  middle  thickness, 
\    71 

And  4.19  X  0.15  =  0.63  in.  =  thickness  at  the  edge  of  the  plate. 
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XII.     Graphical  Tables 

It  is  evident  from  the  example  just  worked  out,  that  the  calcula- 
tions required  for  any  particular  base  plate  are  quite  simple  and  rapid, 
particularly  if  4-place  logarithms  are  employed.  It  is,  however,  en- 
tirely possible  to  devise  a  series  of  graphical  tables  for  materially  re- 
ducing this  labor,  thus  saving  valuable  time  and  lessening  liability  to 
errors. 


XIII.     Table  for  Dimensions  of  Base  Plates 


Fig.  21  is  a  graphical  table  for  determining  by  inspection  the  side 
of  a  square,  or  the  diameter  of  an  octagonal  or  round  plate,  required 
to  safely  transmit  loads  not  exceeding  200  tons  (400  000  lb.),  allow- 
ing safe  pressures  of  the  plate  on  masonry  between  50  and  250  lb.  per 
sq.  in.  Fig.  22  is  merely  an  enlarged  portion  of  the  same  table  for 
loads  not  exceeding  20  tons. 

By  the  use  of  the  upper  scale  corresponding  to  the  shape  of  the 
plate,  it  is  possible  to  employ  this  single  table  for  square,  octagonal 
and  circular  plates,  by  reading  the  required  side  or  diameter  on  the 
proper  scale. 

Example.  A  plate  is  required  to  safely  transmit  a  load  of  100 
tons,  allowing  a  safe  pressure  of  125  lb.  per  sq.  in.  on  the  masonry 
beneath  it. 

Locating  the  intersection  of  a  horizontal  through  100  tons  with 
the  curve  for  125  lb.,  and  following  a  vertical  through  this  point  to  the 
respective  scales  at  the  top  of  the  table,  we  read  the  following  values : 

40.0  in.  ^  side  of  a  square  plate  required. 
42.0  in.  =  diameter  of  an  octagonal  plate. 
45.0  in.  =  diameter  of  a  circular  plate. 

Pressures  intermediate  between  the  given  curves  can  be  easily  lo- 
cated with  sufficient  accuracy. 
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Square  10  ZO  30  40  SO  60  70  80, ns. 

^l^^^-L-L-L-l  .l-I_l    I    I    I    I    I    I    I    I    I    I    I    I    I    I   I    I    I    I    I    I    I    I    I    I    I    I    I    I    1^1    I   f-r 


Ocra]pono/   /O  20  30         40  SO  60  70  80  90  ins 

*'.L_LJ_U  I  I  I  I  I  I   I  I   I  I   I   I I  I  I   I  I   I  I  I   I  I  I   I I   I  I  I  I   I  I   I 
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XIV.     Table  For  the  Factor      | 
The  general  formula  for  a  plate  of  uniform  thickness  is 


t  = 


J  3  F 
— — T-      (  iy'  —  ^"  )  =   thickness  in  inches. 

This  may  be  factored  in  the  form 


(10) 


^  =^      — ,,—  X     I =  thickness  in  inches. 

S   B         S       f 

Fig.  23  exhibits  the  relations  of  the  three  quantities 
P  =  total  load  in  tons  transmitted  by  the  plate. 
B  =  length  in  inches  of  the  fracture  section. 
3^ 


4- 


^  one  factor  in  the  last  formula. 


Example.  Take  the  square  plate  in  the  last  example.  P  =  100 
tons,  B  =  40.0  in.  The  intersection  of  a  horizontal  through  100  tons 
with  the  curve  for  40.0  in.,  and  a  vertical  through  this  point  gives  at 


the  top  of  the  table   J— =  122.5. 


Assume  that  a   12-in.   cylindrical   cast-iron   column   with    1%-in. 
metal  stands  on  this  base  plate. 

Then       ^  =  — ^  =  0.79,  and  by  the  table  in  Fig.  12 : 
ie         6.00 

40 
L"  =  .572  X  6.00  =  3.43  in. ;  L'  =    —  =  10.0  in. 

4 

Hence       L'  —  L"  =  10.0  —  3.43  =  6.57  in. 
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190- 


Facror  \f^F~ 
/O    20  30   40   50   60    70   SO    90   /OO   IIP    120  150  140   150  ftp   170 


Fig.  25 
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XV.     Tables  for  Plates  of  Uniform  Thickness 

The  table  in  Fig.  24  exhibits  the  relations  of  the  three  quantities: 

3  p 

_^=  the  factor  whose  value  has  just  been  found  from  Fig.  23. 

L'  —  L"  =  difference  in  lever  arms  of  the  upward  and  downward  bend- 
ing moments. 

7  ==  thickness  in  inches  represented  by  curved  lines  in  the  table. 


J 


W--_L"    i3 


In  designing  the  tables  in  Fig.  24  and  25,  the  factor 

actually  employed,  but  the  device  of  separate  vertical  scales,  for  the 
different  values  of  /  makes  the  table  more  convenient  for  use. 

Resuming  the  last  example  and  employing  the  table  Fig.  24,  a 
vertical  through  122.5  at  the  top  intersects  a  horizontal  through  6.57  at 
the  left,  giving  by  estimation  between  the  nearest  curves  the  following 
values  for  t. 

t  =  ly?  in.  for  a  steel  plate. 

t  ^2  ^Vjg  in.  for  a  wrought-iron  plate. 

Employing  the  table,  Fig.  25,  in  the  same  manner  for  cast-iron 
plate  of  uniform  thickness: 

t  =  5^  in.  for  fiber  stress  of  3000  lb.  per  sq.  in. 

t  =  6  V^g  in.  for  fiber  stress  of  2500  lb.  per  sq.  in. 

t' 
Assuming  0.20  for  the  ratio  — ,  and  n;  =  1.17,  by  the  table,  Fig. 

16,  @  =  72.5  per  cent. 
By  formula  12, 


_     f  1^" 


X  5.75  =  6.76  in.  at  middle  for  /  =  3000  lb.  per  sq.  in. 


5 

t  =     L^^  X  6.31  =  7.41  in.  at  middle  for  /  =  2500  lb.  per  sq.  in. 

Then  6.76  X  0.2  =  1.35  in.,  and  7.4rx  0.2  =  1.48  in.,  the  re- 
spective thicknesses  at  the  edges  required. 

It  will  be  seen  that  Fig.  24  contains  two  vertical  scales,  one  for 
b>teel  with  fiber  stress  of  16  000  lb.  per  sq.  in.  and  the  other  for  wrought 
iron  with  fiber  stress  of  12  000  lb.  per  sq.  in.  Fig.  25  likewise  has  two 
vertical  scales  corresponding  to  fiber  stresses  of  3000  lb.  and  2500  lb. 
per  sq.  in. 
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XVI.     Additional  Examples  of  the  Use  of  the  Tables 

I.  A  bearing  plate  is  12  in.  wide  and  rests  on  a  13-in.  wall;  it 
supports  a  load  of  15  tons  (30  000  lb.)  transmitted  by  the  end  of  a 
girder  12  in.  wide.  Safe  pressure  of  plate  on  masonry  =  100  lb.  per 
sq.  in.  Safe  fiber  stress  for  cast  iron  =  2500  lb.  per  sq.  in.  Required 
its  thickness. 

15  X  2000 

=  25.0  in.  =  lenslih  of  the  plate, 

100  X  12 

25 12 

nk  = ^  6.5  in.  =^  projection  of  end  beyond  side  of  girder; 

By  formula  17, 

"  "  30  000  X  6.5    _ 


Fnk  1 

t  = 


0.8  V 


40.8  ^      d  40.8  >\ 


12.0 


3.12  in.,  the  thickness  beneath  the  girder.  The  plate  may  be  tapered 
from  the  girder  to  any  desired  thickness  at  its  ends  without  danger, 
since  its  fracture  section  is  always  rectangular. 

If  the  safe  fiber  stress  be  taken  ^  3000  lb.  per  sq.  in. ; 

40.8  X3.12        ^^.  .  ^   ^  . 

f  ^^  .  =  2.8:)  m.,  say,  2%  m. 

44.7 

Or  by  the  table^  Fig.  21,  a  plate  17.25  in.  square  would  be  re- 
quired. 

/  jY  25  ^2 
Hence,  length  ^ '  =  25.0  in.,  as  before. 

Also  by  the  table,  Fig.  23,  the  iactorj-f.  =  86.0. 

i'=  ^^  =0.25  ;i"=iM  =3.00; 
4  4 

L'  —  L"  =  6.25  —  3.00  =  3.25  in. 

By  the  table.  Fig.  25,  t  =  3ys  in.  as  before. 

Therefore,  the  grai:)hical  tables  may  also  be  used  for  bearing  and 
wall  plates. 
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2.  A  square  base  plate  transmits  a  load  of  50  tons  to  masonry 
with  a  safe  resistance  of  150  lb.  per  sq.  in.  Safe  fiber  stress  3000  lb. 
per  sq.  in.  A  column  7  in.  external  diameter  and  1  in.  thickness  of 
metal  stands  on  this  plate. 

By  the  table,  Fig.  21,  22.7  in.  =  side  of  plate,  and  n  =  1.12. 
By  the  table,  Fig.  23,  J^   =  114.5. 

L'  =  5.68  in. ;  V  =  1.91  in.  by  Fig.  12.    L'  —  L"  =  3.76  in. 
By  the  table,  Fig.  25,  t  =  3  V^^  in.  =  3.31  in. 

Assuming  —  =  0.25,  which  is   a   commonly  employed   ratio,   and 
c 

n  =  I.l2,  @  =  73.5  by  the  table  in  Fig.  16. 
By  formula  12, 


JIOC 

t'  =  3.86  X  0.25  =  0.97  in.  thickness  at  edges. 


t  =z  ^  \  ^^^      X  3.31  =  3.86  in.=  thickness  at  middle,  and 


J.  A  circular  base  plate  transmits  a  load  of  175  tons  to  masonry 
with  a  safe  resistance  of  175  lb.  per  sq.  in.  A  column  of  metal  12  in. 
in  diameter  and  l^_in.  thick  stands  on  this  plate. 

By  the  table,  Fig.  21,  50.5  in.  =  diameter  of  the  plate;  n  =  1.60. 

By  the  table.  Fig.  23,  J-^  =  144.    Also  L'  —  L"  =   7.29  in. 

By  the  table,  Fig.  24,  ^  =  3.10  in.  for  a  steel  plate. 

t  =  3.50  in.  for  a  wrought-iron  plate. 

By  the  table.  Fig.  25,  t  =  7.05  in.  for  cast-iron  plate,  /  =  3000  lb. 

per  sq.  in, 

t  =  7.75  in.  for  cast-iron  plate,  /  =  2500  lb. 
per  sq.  in. 

Assuming 

t' 
y-  =  0.25,  and  as  n  =  1.60,  by  the  table.  Fig.  16,  @  =  /l.O. 
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Then 

t  =  7.05  X 


=  8.37  in.  =  thickness  beneath  column,/  =  3000  lb. 

\    ^1 

t  =  7.75  X    M^^    =  9.20  in.  =  same,  for  /  =  2500  lb. 

Therefore 

t'  =  2.09  in.  in  the  first  case  and  2.30  in.  in  the  second. 

4.     Assume  that  in  the  last  case  the  plate  is  to  be  square  and  that 
the  safe  resistance  of  the  masonry  is  but  90  lb.  per  sq.  in. 
In  tire  same  manner  as  before,  we  easily  find : 

Side  of  plate  =  62.2  in. ;  w  =  2.09. 


J' 


Factor     |^=  130 


t  =  3^  in.  for  a  steel  plate 

t  =  4^  in.  for  a  wrought-iron  plate 

t  =  8^  in.  for  cast-iron  plate,  /  =  3000  lb. 

/  =  gy^  in.  for  same  with  /  =  2500  lb. 

Assuming  — -  =  0.25,  and  for  n  ==  2.09;  @  =  69.5. 
t 

Then    t  =  10.00    in.    thickness    at    middle    in    the    first    case    and 

-=  10.95  in  the  second.   The  corresponding  values  for  t'  are  2.50  and  2.74 

inches. 

5.     A  built  steel  column  is  composed  of  two  15-in.  channels,  one 

15-in.  I,  and  two  16  x  ^-in.  plates.     It  stands  on  a  circular  cast-iron 

base  plate,  which  rests  directly  on  a  cylindrical  sunken  foundation  pier 

of  Portland  cement  concrete,  to  which  the  plate  transmits  a  load  of  500 

tons  (1  000  000  lb.)      ^Maximum  safe  fiber  stress  in  cast  iron  is  taken 

at  2500  lb.  per  sq.  in.      Safe  resistance  of  the  concrete  pier  is  175  lb. 

t' 
per  sq.  in.      Let  ■ —  =  0.20. 

Required  least  safe  diameter  and  thickness  of  the  cast-iron  plate. 

1000  000 
In  this  case,  — -.^^ — ■=  .-^714.3  sq.  in.,  area  of  plate. 

d  =      I —   =-  ^S.Z  in.  =  diameter  of  the  plate  ;  n  =  2.17. 

Si  .7854  ' 

r>v  fornnila  Sec.  \TI,  L  =  85.3  X  0.2122  =  18.1  in. 
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i<-3.7<S' 


I 

I 


B 

Fig.  26 


For  the  given  cross  section  of  the  steel  column,  Fig.  26,  there  may 
readily  be  found  by  the  usual  graphical  methods : 

L"  ^  5.84  in.  about  the  axis  CD. 
L"  =  3.78  in.  about  the  axis  AB. 

Taking  the  smaller  of  these  values  and  applying  formula  32, 

1 


t  = 


28 


:^  J4(^'-^" 


)-"28T9'^ 


J 


1000  000 

85.3 


(18.10  —  3.78)  =14.18  in. 


Assuming —  =  0.20,  and  for  n  =  2.17,  by  table  in  Fig.  16, 

@  =  68.0 


Then  t  = X  14.18  =  17.20  in.  =  thickness  under  column, 

\68.0 

and  t'  =  17.2  X  0.20  =  3.44  in.  =  thickness  at  edge  of  plate. 

Such  a  solid  plate  would  be  more  simple  and  more  easily  set  in 
place,  and  it  might  also  be  cheaper  than  the  usual  arrangement  con- 
sisting of  a  cast-iron  ribbed  base  plate  or  stool  above  a  layer  of  short 
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Steel  15-inch  I-beams,  which  are  set  on  the  top  of  the  concrete  pier. 
This  pier  would  also  here  require  to  be  not  less  than  8  ft.  6  in.  in  diam- 
eter at  the  top. 

These  examples  show  that  simple  formulas  and  tables  have  been 
here  devised,  making  the  calculation  of  safe  plain  bearing  and  base 
plates  a  very  simple  matter. 
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I.     Introduction  ^ 

The  problem  of  thermal  conductivity  has  for  a  long  time  furnished 
a  favorite  field  of  research  for  the  physicist.^  In  reviewing  the  in- 
vestigations of  the  past,  many  experiments,  forming  gradual  ap- 
proaches to  a  solution  of  this  problem,  will  be  found  on  record. ^ 
Nearly  all  of  these  experiments,  however,  were  made  at  temperatures 
between  that  of  melting  ice,  and  steam  at  atmospheric  pressure,  and 
in  no  instances  were  even  moderately  high  temperatures  reached.* 
These  experiments  show  that  the  chief  difficulties  have  been  the  ob- 
taining and  maintaining  of  a  high  temperature,  the  determination 
of  the  quantity  of  heat  conducted  through  the  material,  and  the 
measurement  of  the  correct  temperature  gradient  in  the  specimen 
under  test.  Fortunately  for  present-day  investigations,  the  electric 
heating  coil  and  the  thermocouple  enable  us  to  solve  these  problems 
with  comparative  ease  and  with  a  high  degree  of  accuracy. 

Although  the  investigation  described  in  this  bulletin  was  under- 
taken in  the  attempt  to  solve  a  specific  problem,— the  thermal  con- 
ductivity of  fire-clay  at  high  temperatures, — ^the  method  developed  will 
no  doubt  be  of  interest  in  other  lines  of  work  where  the  question  of 
thermal  conductivity  is  of  importance.  For  instance,  in  all  problems 
of  refrigeration,  this  is  a  factor  of  the  greatest  importance.  In  the 
construction  of  cold  storage  buildings,  a  convenient  method  for  test- 

1  The  investigation  described  in  this  bulletin  was  conducted  in  the  Physical  Labora- 
tory of  the  University  of  Illinois  by  W.  L.  Egy,  a  research  fellow  of  the  Engineering 
Experiment  Station.  Its  inception  is  due  to  Dr.  J.  K.  Clement,  and  to  him  also  la 
due  the  credit  for  the  selection  of  the  general  method.  Dr.  A.  P.  Carman,  Professor  of 
Physics,  advised  Mr.  Egy  concerning  the  later  phases  of  the  investigation. 

2  See  "The  Conductivity,  Porosity  and  Gas  Permeability  of  Refractory  Materials." 
by  S.  Wolagdine  and  A.  L.  Queneau.  in  Electro-Chemical  and  Metallurgical  Industry, 
Sept.,  1909,  p.  383  ;  Oct.,  1909,  p.  433.  It  Is  a  singular  coincidence  that  after  many 
years  in  which  no  work  was  done  upon  this  subject,  two  attempts  should  be  made  in- 
dependently and  practically  at  the  same  time. 

'  E.  IT.  Hall.  Phys.  Rev..  Vol.  X.  p.  277.  June.  1900.  Holborn  &  Wlen.  Zeitsch. 
Ver.  Deutsch.  Ingen.,  Vol.  40,  1806.  Lees  &  Chorlton,  Phil.  Mag.,  Vol.  41.  p.  495.  Sec.  5, 
1896.  G.  Glage,  Ann.  d.  Phvslk..  Vol.  .323.  p.  904.  Dec.  190.").  C.  Niven.  Roy.  See.  Proc. 
Vol.  76  A,  p.  34.  April  22,  lOOo.     Tait.  Trans.  Roy.  Soc.  Edin..  Vol.  28.  p.  717.  1879. 

*  An  account  has  recently  been  published  of  some  very  excellent  work  done  by  Dr. 
Wllhelm  Nusselt  on  the  "Thermal  Conductivity  of  Heat  Insulators."  Some  of  his  meas- 
urements wore  made  at  temperatures  as  high  as  550°  C.  See  Engineering.  Vol.  87,  pp.  1, 
2.  Jan.  1,  1909. 
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ing  the  various  building  materials  would  be  of  great  value,  although, 
of  course,  working  at  low  temperatures  would  present  a  somewhat 
different  problem.  ^ 

The  primary  object  of  these  investigations  in  determining  the 
thermal  conductivity  of  fire-clay  was  to  obtain  information  concern- 
ing the  loss  of  heat  through  the  walls  of  boiler  furnaces.  It  is  a  well- 
known  fact  that  considerable  heat  escapes  through  the  walls  of  fur- 
naces, but  no  idea  of  the  amount  of  this  heat  has  heretofore  been 
obtained  by  direct  methods.  Nor  do  we  have  any  definite  knowl- 
edge of  the  effect  of  this  heat,  which  passes  through  the  walls,  upon  the 
different  materials  of  which  they  are  composed.  While  the  engineer 
knows  that  the  thicker  the  wall,  the  less  heat  is  lost,  he  does  not 
know  how  far  he  will  be  justified  in  increasing  the  thickness  of  the 
wall,  until  he  has  secured  accurate  data  of  the  quantity  of  heat  lost 
in  this  way. 

To  illustrate, — ^knowing  the  thermal  conductivity,  K,  of  brick, 
the  dimensions  of  the  furnace,  and  the  inside  and  outside  tem- 
peratures of  the  walls,  the  quantity  of  heat  transmitted  through  them 
may  readily  be  calculated.  Taking  the  specific  case  of  a  210  H.  P. 
Heine  boiler  at  the  University  of  Illinois,  when  working  under  full 
load,— the  area  of  walls  exposed  to  the  hot  gases  is  about  364  sq.  ft., 
and  the  thickness  of  the  same  about  20  in.  The  average  temperature 
of  the  inside  of  this  area  is  approximately  1400°  F.,  and  of  the  out- 
side, 150  °F.  If  we  now  take  the  value  of  K  as  found  for  that  test- 
piece  which  was  nearest  like  the  brick  in  the  setting,  that  is,  K=z.0026, 
(See  Curve  No.  2),  and  calculate  the  heat  conducted  through  the  walls 
we  have,  using  c.  g.  s.  units, 

e=  .0026  :^5Hry5=p)_  9,9  (364)  X  3600 

(See  formula  1,  page  4.) 

Q  =  43,400,000  calories  per  hour 
or  172,000  B.  t.  u.  per  hour 

This  is  about  1.6  per  cent  of  the  total  heat  generated.  These  figures 
are  only  approximations,  but  they  show  that  with  careful  measure- 
ments, the  heat  lost  through  the  various  parts  of  the  walls  may  be 
calculated  directly. 

*  The  conductivity  of  the  substances  In  the  earth's  crust  Is  of  Interest  to  geologists. 
The  British  Association  for  the  Advancement  of  Science  had  a  committee  working  for 
seven  years  to  determine  the  conductivity  of  some  of  the  rocks  In  the  British  Isles. 
(Herschel,  Lebour.  and  Dunn,  Rep.  Brit.  Assn..  Vol.  49,  1879.) 
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II.    Principles  op  Thermal  Conductivity 

A  brief  resume  of  the  principles  of  thermal  conductivity  follows: 
The  quantity  of  heat,  Q',  flowing  through  a  given  wall  is  propor- 
tional to  the  difference  in  temperature,  T^  —  T,,  of  the  two  faces.  For 
a  given  difference  in  temperature,  Q'  is  inversely  proportional  to  the 
thickness,  r.  The  heat  flowing  through  a  section  of  the  wall  will,  of 
course,  be  proportional  to  the  area.  A,  of  that  section.  Q'  is  necessarily 
proportional  also  to  the  time,  t,  over  which  measurements  are  taken. 
Using  these  principles, 

Q'  =  K    ^         ^  At (1) 

B^  is  a  constant  for  the  given  substance  at  any  temperature,  and 
is  called  the  internal  thermal  conductivity  or  simply  the  thermal 
conductivity  of  that  material.  If  ^  is  expressed  in  calories;  T^  —  T^ 
in  centigrade  degrees;  A,  in  square  centimeters;  r,  in  centimeters; 
and  t,  in  seconds,  K  will  be  in  c.  g.  s.  units. 

If  we  consider  a  lamina  of  infinitesimal  thickness,  dr,  the  difference 
in    temperature    between    its    faces    being    dT,    for    a    time,    dt, 


Q'  =^  E  T    —   {T    +     dT)  ^^f  ^  _^^  -^dt (2) 

dr  dr 

The  expression  -^—  is  called  the  temperature  gradient  at  the  point 
dr 

in  question,  or  in  other  words,  the  change  in  temperature  per  unit 

thickness. 


0           dr 
From  equation    (2)     K  =— ^ jj—      (3) 

where  Q  is  the  heat  flowing  across  the  area  A  in  unit  time. 

From  the  above  expression,  it  maj'  be  seen  that  in  order  to  de- 
termine the  thermal  conductivity  of  a  substance,  it  is  necessary  to 
measure  the  quantity  of  heat  flowinir  through  a  unit  area,  and  the 
temperature  gradient.  The  most  accurate  method  of  measuring  Q, 
is  to  generate  a  known  quantity  of  heat  by  means  of  an  electric  heating 
circuit,  in  such  a  manner  that  all  the  heat  generated  must  flow  through 
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the  substance  to  be  tested.  If  a  constant  quantity  of  heat  is  generated 
until  conditions  have  reached  an  equilibrium,  then  the  quantity  of 
heat  conducted  through  the  material  per  second  must  be  equal  to  the 
quantity  generated  per  second.  This  method  may  be  used  with  a 
heating  coil  either  in  a  hollow  sphere  or  in  a  long  cylinder.  The  latter 
form  was  chosen  for  these  tests  because  of  the  experimental  difficulties 
arising  in  the  former. 

In  using  this  method,  the  assumption  is  made  that  there  will  be  no 
escape  of  the  heat  longitudinally  at  the  middle  of  the  cylinder;  that 
is,  the  exact  amount  of  heat  generated  by  a  centimeter  length  of  the 
coil,  taken  at  the  middle,  must  flow  out  through  the  corresponding 
circular  section  of  just  one  centimeter  thickness.  To  avoid  errors  from 
this  cause,  the  length  of  the  cylinder  must  be  several  times  greater 
than  its  diameter. 

The  test-pieces  were  made  into  cylinders  about  40  cm.  in  length 
and  12  cm.  in  diameter,  with  a  hole  through  the  center  about  3.5  cm. 
in  diameter  for  the  reception  of  the  heating  coil.  Four  longitudinal 
holes  about  3  mm.  in  diameter  were  made,  in  which  thermocouples 
could  be  placed  for  the  measurement  of  the  temperature. 

Applying  equation  3  to  the  case  of  a  cylinder,  the  heat,  Q,  gen- 
erated by  1  cm.  length  of  the  coil  in  unit  time  is  expressed  by 

^           .2394     EI  ,     . 

V  " 1 calories 

where  E  represents  volts,  7,  amperes,  and  I,  the  length  of  the  coil  in 
centimeters.  The  constant,  .2394,  is  the  reciprocal  of  the  mechanical 
equivalent  of  a  calorie  expressed  in  joules  or  watts.  The  area  perpen- 
dicular to  the  flow  of  heat  at  a  distance  r  from  the  axis  is  27rr  per 
unit  length.    Substituting  for  Q  and  A  in  equation  3 

__  .2394     EI  dr      ' 

2^//-  '        dT     I (^) 

Assuming  that  K  is  constant  between  the  temperatures  T^  and  T\^ 
and  integrating 

^  .2394  —  -  EI 

^^  2W •         t;-  t,       ^^^    (^2/^^) (^) 

where  T^  and  T^  are  the  temperatures  at  points  distant  r^  and  r^, 
respectively,  from  the  axis.  For  any  given  values  of  r^  and  r^, 
the  only  variables  in  this  equation  are  El,  the  electrical  watts  dissi- 
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pated  in  the  coil,  and  T^ — T2,  the  difference  in  temperature  between 
7*1  and  r^.    Thus  our  expression  may  be  reduced  to 

^^^       T.-T,  W 

.here  C=        -^394  log  (r,/_r^ 

2t/ 


III.    Description  of  the  Apparatus 

Cylinders. — The  cylinders  tested  were  made  by  the  Laclede- Christy 
Clay  Products  Company,  St.  Louis,  Missouri.  Twelve  test-pieces  were 
obtained,  made  up  from  four  different  mixtures,  which  were  marked 
A,  B,  1  and  3, 

Those  marked  A  were  of  a  dark  reddish-brown  color  and  contained 
no  gravel.  The  structure  appeared  similar  to  sandstone.  After  heat- 
ing in  the  test,  these  pieces  were  cracked  in  a  great  many  places.  The 
pieces  marked  B  were  also  of  a  reddish-brown  color,  but  were  of 
medium  coarse  structure.  They  contained  very  small  pieces  of  white 
gravel  throughout  the  mass.  Those  marked  1  were  a  little  coarser 
than  the  B  cylinders  and  were  brown  in  color.  They  contained  a 
very  small  amount  of  gravel.  Cylinders  3  were  almost  white  and 
very  coarse.    They  contained  a  large  amount  of  gravel. 

One  cylinder  of  each  composition  was  tested  at  temperatures 
ranging  from  400°  C.  to  800°  C.  or  900°  C.  The  remaining  pieces  were 
tested  at  only  one  temperature.  One  of  the  cylinders,  marked  1,  could 
not  be  tested  because  the  holes  in  it  for  the  insertion  of  the  thermo- 
couples were  not  deep  enough. 

Furnace. — Fig.  2  shows  a  longitudinal  section  of  the  furnace  ready 
for  use.  aa  is  the  test-piece.  This  was  surrounded  by  a  larger  cyl- 
inder, hh,  of  fire-clay,  in  order  to  get  uniform  radiation  from  aa,  and 
also  to  maintain  higher  temperatures.  Coverings,  cc,  were  placed 
over  each  end  to  prevent  loss  of  heat  in  this  direction.  The  whole 
was  supported  by  an  open  framework  of  strap  iron.  A  thermocouple 
was  placed  in  each  of  the  holes,  T)  and  F. 

Hcaiing  Coil. — The  heating  coil  was  made  of  pure  nickel  wire 
about  1.8  mm.  in  diameter,  woimd  nine  turns  to  the  inch  upon  a  1/2- 
in.  porcelain  electric  insulator  tube.  Commercial  insulator  tubes  20  in. 
long  were  taken  for  this  purpose  and  the  enlarged  end  cut  off,  leaving 
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Fig.  1     Test-piece  Surrouxded  by  Fire-clay  Jacket — Also 
Showing  Thermocouples  in  Place 
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Fig.  2     Section  of  Furnace 

them  18  or  19  in.  long.  Small  holes  were  chipped  in  the  ends  of  each 
tube,  and  the  ends  of  the  wire  pulled  tightly  through  these  holes, 
thus  holding  the  wire  in  place.  The  holes  were  16%  in.  apart,  allow- 
ing 145  turns  of  wire,  or  an  equivalent  length  of  40.9  cm.  Potential 
leads  were  fastened  ty  the  power  Avire  where  it  emerged  from  the 
insulator,  by  winding  one  end  of  a  piece  of  smaller  wire  tightly  about  it. 
The  place  where  this  connection  was  made  had  a  rather  high  tem- 
perature, so  nickel  was  used  to  prevent  any  thermo-electric  effect 
at  the  junction. 


i 

I 


Fig.  3 
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The  coil  was  at  first  supported  in  the  cylinder  by  two  small  pieces 
of  quartz  tubing  at  each  end  (see  Fig.  3).  At  the  higher  tem- 
peratures, however,  the  insulator  softened  and  sagged  down  in  the 
middle,  and  two  additional  pieces  of  quartz  were  placed  under  it,  each 
one-third  the  distance  from  either  end.  The  holes  in  the  end  of  the  fur- 
nace were  packed  with  asbestos  to  prevent  the  escape  of  heat.  The 
heating  coil  was  made  a  few  turns  longer  than  the  test-piece  to  pre- 
vent cooling  of  the  ends. 

IV.     Method  of  Measurements 

The  current  was  measured  by  a  Weston  direct-reading  portable 
standard  millivoltmeter  and  shunt.  The  current  was  taken  from  110- 
volt  mains  and  was  regulated  by  means  of  two  large  rheostats,  as  in 
the  calibration  work,  (Appendix).  As  it  was  necessary  to  maintain 
the  current  constant  to  one-tenth  of  an  ampere  for  several  hours 
at  a  time,  and  the  line  voltage  varied  considerably,  a  storage  battery 
was  placed  across  the  mains  as  shown  in  Fig.  4.  By  means  of  another 
resistance,  the  current  from  the  mains  was  adjusted  to  a  few  amperes 


"^-^^rr^  r^y^  f 


Fig.  4 


less  than  that  flowing  through  the  furnace.  In  this  way  only  a  few 
amperes  were  drawn  from  the  battery  and  its  voltage  remained  con- 
stant through  a  considerable  change  of  the  line  voltage.  This  was  not 
always  sufficient,  however,  for  satisfactory  operation. 

The  voltage  drop  through  the  coil  was  measured  by  a  Weston 
portable  voltmeter,  the  smallest  division  of  which  corresponded  to 
one  volt.  The  temperature  coefficient  of  nickel  is  very  large,  and 
the  resistance  of  the  wire  varied  considerably  with  the  temperature. 
As  the  turns  at  the  end  of  the  coil  were  somewhat  cooler  than  those 
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in  the  middle,  their  resistance  was  less,  and  the  average  voltage  drop 
per  centimeter  for  the  whole  coil  would  be  less  than  the  drop  per 
centimeter  of  the  central  portion.  As  the  average  value  was  used 
in  the  calculations,  an  error  would  thus  be  introduced.  This  was 
compensated  for,  by  having  the  potential  leads  connected  to  the  heat- 
ing circuit,  as  stated  above,  outside  the  insulator,  thus  adding  to 
the  potential  drop  across  the  actual  145  turns,  the  drop  in  the  wire 
from  the  last  turn  to  the  point  of  connection. 

The  temperatures  were  measured  by  platinum — platinum-rhodium 
thermocouples,  made  by  Heraus.  in  Germany,  and  calibrated  by  the 
melting-point  method  described  in  the  Appendix.  The  couples 
were  also  calibrated  in  opposition  as  a  differential  couple.  This  was 
done  by  placing  both  couples  in  a  quartz  tube  in  a  large  piece  of  iron 
and  heating  the  iron  up  to  about  1100°  C,  taking  the  reading  of  the 
differential  couple  at  various  temperatures.  The  couples  were  placed 
in  the  small  holes  (D,  F,  Fig.  2)  in  the  test-piece  far  enough  so  that 
the  junctions  were  midway  between  the  ends.  The  two  wires  were 
insulated  from  each  other  by  placing  very  small  porcelain  tubing 
over  the  platinum-rhodium  wire. 

The  electromotive  force  of  the  couples  was  measured  by  a  Wolff 
potentiometer  and  a  galvanometer,  as  in  the  calibration  (See  Appen- 
dix). Each  couple  was  read  separately  and  then  the  two  were  con- 
nected in  opposition  and  read  as  a  differential  couple.     The  relation 


now 


E\  =  E^ 
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between  this  reading  and  the  corresponding  difference  in  temperature 
is  obtained  as  follows: 

Let  us  call  these  readings  Diff.  Let  the  curve  DD  (Fig.  5)  re- 
present the  relation  between  temperature  and  electromotive  force  for 
couple  J),  and  curve  FF ,  that  for  couple  F.  Let  F^  and  F^  be  the 
readings  of  couples  B  and  F,  respectively.  The  curve  T>T>  is  expressed 
by  the  equation, 

T^  =  A  +  BE^  +  CE^ 
and  7;  =  ^  +  BE\  +  C  {Er,f 

then  T^-  T^=  B  {E^  -  Er^  +  C{E^  -  (.£"y'] 

A  E 

and  ^1  =  ^2  +  Diff-   ("Diff"  is  the  reading  of  the  differential). 

Substituting  for  E^  and  E\  above, 
T^-  T^  =  B  (Diff  +  A  ^)  +    C  (Diff  +  A  -^)     {E^+E^-  ^     E. 

A    iJ  is  negligible  in  comparison  with   {E^  +  E^)   and  may  be 
dropped  from  the  last  factor. 

Manipulation. — The  arrangement  of  the  potentiometer  circuits  is 
shown  in  Fig.  6.  From  the  ice  bath  the  couples  were  connected  to 
two  ''single-pole  double-throw"  switches  (1  and  2)  which  were 
mounted  on  the  same  base.  Throwing  switch  No.  1  to  the  left  and 
No.  2  to  the  right,  couple  D  could  be  read.  Reversing  No.  2  placed 
F  in  the  circuit.  With  both  switches  to  the  right,  the  two  couples  were 
connected  in  the  circuit  in  opposition,  in  their  proper  order,  since  B 
was  the  hotter  couple  and  therefore  had  the  higher  electromotive  force. 


Fig.  6    Potentiometer  Circuit 
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The  statement  was  made  above  that  the  heat  which  was  generated 
at  the  middle  of  the  coil  flowed  out  along  radial  lines.  This  was  tested 
by  moving  the  outer  couple  F  (Fig.  2),  back  and  forth  in  a  longi- 
tudinal direction  and  noting  the  reading  in  the  various  positions. 
This  operation  showed  that  the  temperature  was  constant  to  0.3°  C.  for 
a  distance  of  6  or  7  cm.  from  the  middle.  As  no  heat  will  flow  along 
constant  temperature  lines,  there  could  be  no  longitudinal  flow  of  heat 
in  the  12  or  14  cm.  in  the  middle  of  the  test-piece,  and  hence  the 
assumption  is  allowable. 

The  general  method  of  operation  was  to  start  the  furnace  with  a 
rather  large  current,  about  25  amperes,  and  gradually  reduce  this. 
as  the  furnace  approached  the  temperature  desired.  This  took  from 
three  to  five  hours  for  the  lower  temperatures.  The  storage  batter^' 
would  then  be  placed  in  the  circuit  (see  Fig.  4)  and  the  current  kept 
constant  for  two  or  three  hours  more.  When  the  outer  couple,  jP, 
showed  a  temperature  constant  to  one-tenth  of  a  degree,  indicating 
equilibrium  conditions,  readings  were  taken.  The  voltage  and  current 
readings  were  taken  before  and  after  the  temperature  readings,  in 
order  to  be  sure  there  was  no  change.  The  temperature  readings 
were  taken  in  the  order,  D,  F,  D,  (D-F),  and  D.  It  will  be  noticed 
by  referring  to  Fig.  6,  that  only  one  change  of  either  switch  No.  1 
or  No.  2  is  necessary  to  change  from  any  one  of  the  above  readings 
to  the  next  in  order.  Each  cylinder,  at  the  close  of  the  tests  on  it, 
was  broken  across  the  middle,  and  r^  and  rg  carefully  measured  in  the 
plane  in  which  the  temperature  readings  had  been  taken. 


Y.    Results 


Tables  1  to  4  show  the  readings  and  results  obtained  from  the 
first  four  cylinders.  The  curves  also  show  the  values  of  the  con- 
ductivity at  the  different  temperatures.  The  tables  give,  in  order, 
(from  left  to  right),  the  voltage  drop  across  the  furnace  E;  the  cur- 
rent flowing  through  the  coil  /;  the  reading  of  the  inner  couple  (D)  ; 
the  outer  couple  (F),  and  of  the  two  connected  in  opposition  as  a 
differential  couple  Diff.,  corrected  as  described  above,  in  micro-volts; 
the   temperature  difference,    'J'  calculated   from   the   differential 

^  diff.. 

reading;  the  average  temperature  of  the  two  couples  and  the  con- 
ductivity, A'.     The  readings  are  ai-ranged  in  the  order  of  increasimr 
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temperatures,  although  they  were  not  taken  in  this  order  in  every 
case.  It  will  be  noticed  that  the  conductivity  of  the  two  coarser  fire- 
clays was  constant,  while  that  of  the  other  two  which  were  of  finer 
structure  increased  with  the  temperature. 

Table  5  gives  the  comparative  values  of  the  different  cylinders  in 
the  order  in  which  they  were  tested.  The  particular  value  given  for 
each  of  the  first  four  was  so  chosen  as  to  be  near  the  temperature  at 
which  the  later  pieces  of  the  same  composition  were  tested. 

The  accuracy  of  the  values  for  K  in  this  work  is  limited  to  the 
accuracy  in  measuring  r^  and  r^.  The  temperature  readings  are  cer- 
tainly accurate  to  1.0°  C,  and  very  probably  to  0.5°  C.  The  voltage 
and  current  readings  are  accurate  to  one  per  cent.  An  error  may  be 
introduced  in  the  values  of  r^  and  r^  because  of  the  uncertainty  of  the 
position  of  the  thermo-junction  in  the  hole.  If  the  couple  were 
touching  one  side  of  the  hole,  it  would  take  the  temperature  of  that 
side,  while  r^  and  Vr,  were  always  measured  to  the  center  of  the  holes. 
This  error,  however,  would  be  a  constant  factor  for  the  tests  on  any 
cylinder,  since  the  couples  were  never  disturbed  after  they  were 
once  placed  in  a  cylinder,  until  the  completion  of  the  tests  on  that 
piece.  Thus  the  comparative  values  of  K  for  any  given  specimen  at 
different  temperatures  would  not  be  affected  by  the  values  of  r^  and  r^. 

The  greatest  error  is  caused  by  changes  of  current  through  the 
furnace.  The  supply  voltage  changed  a  great  deal,  and  the  batteries 
used  were  not  large  enough  to  maintain  the  current  constant  at  all 
times.  If  the  current  should  change  just  before  a  reading  was  taken, 
the  temperatures  would  not  correspond  to  the  other  readings,  though 
they  might  not  be  changing  at  the  time.  The  variation  between  cyl- 
inders of  the  same  composition  is  probably  due  to  a  difference  in 
porosity.  An  investigation  of  the  effect  of  porosity  as  well  as  com- 
position of  substances  would,  no  doubt,  lead  to  more  definite  results, 
in  regard  to  a  comparison  of  fire-clays. 

TABLE  1 


Mark 

ti 

Ta 

E 

I 

D 

F 

Diff 

Tdiff 

Tave. 

K 

B 

23.5 

58.0 

27.6 

15.4 

3677 

2067 

1597 

170.9 

362.4 

. 00209 

33.6 

17.2 

4595 

2470 

2116 

223.9 

430.6 

.00217 

35.2 

17.8 

5325 

2990 

2319 

242.6 

494.2 

.00217 

38.8 

18.7 

5928 

3257 

2657 

276.1 

537.8 

.00221 

40.9 

19.1 

6541 

3634 

2889 

297.3 

586.6 

.00221 
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TABLE  2 


Mark 

Ti 

'2 

E 

I 

D 

F 

Diff 

Tdifl 

Tave 

K 

3 

33.8 

52.0 

30.1 

17.8 

3700 

2919 

781 

81.3 

406.5 

.00264 



36.3 

19.8 

4687 

3621 

1066 

108.4 

493.2 

.00266 

36.0 

19.8 

4729 

3667 

1063 

108.0 

497.7 

.00265 

40.0 

20.9 

5423 

4164 

1261 

126.0 

557.5 

.00266 

40.9 

21.1 

5514 

4232 

1285 

128.1 

565.4 

.00270 

43.9 

21.7 

6023 

4540 

1485 

146.3 

605.7 

.00261 

46.3 

22.0 

6587 

4991 

1601 

155.4 

655.2 

.00267 

47.3 

22.3 

6626 

4992 

1635 

158.6 

657.1 

.00263 

•• 

50.6 

22.5 

7208 

5402 

1809 

172.9 

704.6 

.00264 

TABLE  3 


Mark 

ri 

r. 

E 

I 

D 

F 

Diff 

Tdiff 

Tave. 

K 

A 

33.3 

66.0 

39.2 

19.9 

5197 

3190 

2001 

203.3 

496.2 

.00245 

43.8 

19.0 

5827 

3664 

2164 

216.4 

551.6 

.00245 

45.5 

20.7 

6347 

3958 

2387 

236.0 

591.7 

.00254 

49.7 

20.4 

6924 

4232 

2693 

263.0 

633.0 

.00246 

51.7 

20.3 

7279 

4480 

2800 

271.0 

662.1 

.00247 

52.7 

20.2 

7301 

4512 

2795 

270.4 

664.7 

.00251 

52.8 

20.5 

7377 

4598 

2782 

268.5 

672.6 

.00251 

59.7 

20.8 

8337 

5032 

3305 

312.4 

738.0 

.00252 

. 

61.0 

21.0 

8399 

5069 

3336 

314.9 

742.6 

.00259 

• 

61.8 

20.6 

8591 

5191 

3403 

319.7 

757.2 

.00254 

TABLE  4 


Mark 

fi 

fa 

E 

I 

D 

F 

Diff    ; 

Tdiff 

Tave. 

K 

1 

23.9 

49.3 

29.6 

16.8 

3572 

2697 

876 

91.6 

388.2 

.00366 

34.8 

18.4 

4547 

3386 

1159  j 

118.5 

474.0 

.00364 

42.6 

20.5 

6031 

4335 

1678 

165.7 

596.7 

.00355 

45.2 

21.2 

6430 

4583 

1847 

180.7 

627.4 

.00358 

•• 



54.3 

22.8 

8085 

5640 

2449 

230.2 

756.5 

.00362 

TABLE  5 


Mark 

ri 

Tz 

E 

I 

D 

F 

Diff 

Tdiff 

Tave. 

K 

1 

B 

23.5 

58.0 

40.9 

19.1 

6541 

3634 

2889 

297.3 

587 

.00221 

2 

3 

33.8 

52.0 

50.6 

22.5 

7208 

5402 

1809 

172.9 

705 

.00264 

3 

A 

33.3 

66.0 

52.7 

20.2 

7301 

4512 

2795 

270.4 

665 

.00257 

4 

1 

23.9 

49.3 

54.3 

22.8 

8085 

5640 

2449 

230.2 

757 

.00362 

5 

3 

31.0 

48.4 

42.0 

20.5 

5633 

4429 

1205 

119.6 

581 

.00299 

6 

A 

29.0 

56.0 

54.0 

20.1 

8170 

5414 

2756 

259.6 

749 

.00256 

7 

3 

27.0 

49.5 

57.0 

19.7 

8556 

6001 

2558 

237.5 

795 

.00267 

8 

1 

30.0 

51.0 

60.5 

20.1 

8318 

5888 

2433 

227.1 

770 

.00265 

9 

B 

32.0 

51.5 

63.0 

19.0 

8823 

6716 

2210 

202.1 

891 

.00263 

10 

B 

27.5 

46.0 

44.0 

20.3 

6535 

4638 

1900 

185.5 

635 

.00231 

11 

A 

26.5 

61.5 

45.0 

20.1 

7483 

4623 

2860 

275.4 

679 

.00257 
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The  use  of  thermocouples  for  measuring  high  temperatures  is  no 
longer  a  novelty  in  physical  investigations,  but  the  details  of  the 
calibration  are  not  generally  accessible.  Hence  the  exact  method  of 
calibration  used  in  this  work  has  been  described  at  considerable 
length  in  this  Appendix. 

I\Iethod  for  Calibrating  Thermocouples  for  High  Temperature 

Measurements 

Since,  as  a  rule,  no  two  thermocouples  have  the  same  electro- 
motive force,  and  since  the  electromotive  force  of  any  couple  is 
appreciably  changed  by  the  action  of  metallic  and  possibly  other 
vapors  at  high  temperatures,  it  is  necessary  to  calibrate  the  couples 
from  time  to  time.  The  method  described  is  that  known  as  the  melting 
point  or  Frankcnheim  method. ^  The  couple,  surrounded  bj^  a  closed 
porcelain  or  fused  silica  tube,  is  immersed  in  the  melted  metal,  and 
the  furnace  allowed  to  cool  slowly.  Readings  of  the  electromotive 
force  taken  at  regular  intervals  will  show  a  steady  decrease  until  the 
freezing  point  is  reached,  remain  constant  until  the  metal  is  nearly 
all  solidified,  and  will  then  fall  off  again.  Knowing  the  temperature 
at  which  the  metal  melts,  we  can  thus  determine  the  value  of  the 
electromotive  force  of  the  thermocouple  corresponding  to  a  definite 
temperature.  Obtaining  a  number  of  points  in  this  way  by  using 
different  metals,  a  curve  may  be  draT\Ti  through  them  showing  the 
relation  between  the  electromotive  force  and  the  temperature  for  that 
particular  couple. 

The  Furnace. — Frequent  use  of  this  method  demands  a  furnace 
which  may  be  quickly  and  readily  heated  up  and  easily  controlled. 
The  furnace  used  in  this  work  was  a  vertical  furnace  with  an  inside 
diameter  of  2%  in.  and  a  depth  of  6  in.  (see  Fig.  11).  The  coil, 
which  was  of  pure  nickel  wire  about  .072  in.  in  diameter,  was  first 
wound  in  one  layer  upon  a  collapsible  wooden  arbor.  The  ^vires 
were  tied  together  by  several  longitudinal  threads  to  keep  them  from 
springing  out  wlion  the  arbor  was  removed.  A  covering  of  paste, 
formed  of  water  and  a  patent  mixture,  called  ''magnesite,"  ^  ^y^g 
then  applied.  After  the  paste  liad  dried,  the  coil  was  placed  in  a 
cylinder  (also  of  a  magnesite  compound")  6I4  in.  long  and  just  large 

1  (Holborn  &  Dayl.  Amer.  Jour.  Science.  Vol.  160,  p.  171. 

•  Obtained  from  Harbison  and  Walker  Refractories  Company.  Pittsburg. 
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enough  to  contain  it.  The  outside  diameter  was  about  41/0  in.  The 
arbor  was  then  removed,  leaving  the  coil  on  the  inside  of  the  furnace, 
which  had  also  been  coated  with  the  magnesite  paste.  This  in  turn 
was  placed  upon  a  fire-clay  disc  and  surrounded  by  a  cylinder  of 
the  same  material,^  the  whole  being  covered  with  another  fire-clay 
disc,  usually  in  two  pieces.  The  outside  dimensions  of  the  whole 
were  about  8  in.  in  diameter  and  9%  in.  in  height.  The  space  between 
the  magnesite  cylinder  and  the  surrounding  one  of  fire-clay  was  filled 
loosely  with  calcined  magnesia. ^ 


^y^ 


f'r.V:^^^ 


1^ 


->  7 
^ 


^o^f^^-.^- 


OC 


o  n  ^  c  <^ 


O^^ 


Fig.  11 


1  Obtained  from  Dental  Manufacturing  Company,  Buffalo,  N.  Y. 
-  Obtained  from  Eimer  and  Amend,  New  York  City. 
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To  avoid  delay,  in  certain  stages  of  the  work,  a  furnace  was  used 
with  a  cylinder  of  magnesite  instead  of  fire-clay.  This  was  not  so 
satisfactor^^  because  more  heat  was  lost  through  the  magnesite  than 
through  the  fire-clay:  heavier  currents  were,  therefore,  required  to 
maintain  the  necessary  temperatures.  With  the  furnace  as  described 
above,  a  temperature  of  1000°  C.  could  be  obtained  in  less  than  two 
hours  with  a  current  of  25  amperes ;  and  it  could  be  maintained  ^^ith 
19  or  20  amperes. 

Heating  Circuit. — The  arrangement  of  the  heating  circuit  is  shown 
in  Fig.  12.    The  current  was  obtained  from  110-volt  continuous  cur- 


r^cii 


Fig.  12 

rent  mains  and  was  regulated  by  two  large  Cutler-Hammer  rheostats 
or  "theatre  dimmers."  One  of  these  had  a  current-carrying  capacity 
of  125  to  50  amperes  and  a  resistance  of  4  ohms.  The  other  was 
specially  made  and  had  a  fixed  resistance  of  4  ohms,  with  30  amperes 
carrying  capacity,  which  could  be  «?hort  circuited,  and  also  had  a 
variable  resistance  of  6  ohms,  with  30  to  10  amperes  capacity.  The 
low  resistance  rheostat  permitted  very  small  adjustments  of  current. 

Graphite  Crucibles.— The  charge  of  metal  used  was  placed  in 
graphite  crucibles  to  a  depth  of  at  least  2  in.  Fig.  13  shows  the  shape 
and  size  of  these  vessels.  Such  crucibles  may  be  purchased  from 
supply  houses,  but  it  is  preferable  to  turn  them  out  of  graphite  rods 
because  the  purity  of  the  graphite  rod  is  more  certain.^  The  exact 
dimensions  are  not  specified  nor  are  they  necessary  so  long  as  they  will 
contain  a  charge  of  metal  which  is  large  compared  with  the  silica 
tube  surrounding  the  couple.  It  is  important,  however,  that  the 
inside  of  the  crucible  be  tapered  so  that  the  charge  may  be  removed. 
The  covers  are  also  of  graphite  and  have  a  hole  in  the  center  for  the 
insertion  of  the  silica  tube  containing  the  thermocouple. 

Thermocouples. — The  tlionuocouples  used  in  this  work  consisted 

1  Acheson  Graphlto  Co..   Niajrara   Falls.   N.  Y. 
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Fig.  13 

of  one  wire  of  pure  platinum  and  another  of  90  per  cent  platinum  and 
10  per  cent  rhodium.  The  wires  were  each  0.6  mm.  in  diameter  and 
5  ft.  long.  The  two  wires  were  insulated  from  each  other  by  pieces  of 
very  small  porcelain  tubing  which  were  placed  on  the  platinum-rho- 
dium wire  (see  Fig.  14).  The  junction  was  then  placed  in  a  tube  of 
fused  silica,  closed  at  the  lower  end.  This  tube,  containing  the  wires 
and  capillary  porcelain  tubing,  was  thrust  into  the  melted  metal  to 
within  about  %  in.  from  the  bottom  of  the  crucible. 

The  protecting  tubes  of  fused  silica  ^  were  about  \i  in.  in  diameter 
and  long  enough  to  extend  well  out  of  the  furnace.  They  were 
supported  by  a  tripod  and  clamp  at  the  upper  end.  A  broken  tube 
may  be  readily  closed  at  one  end  in  an  electric  arc  or  an  oxy-hydrogen 
flame.  Silica  tubes  as  small  as  2  mm.  inside  diameter  may  be  used 
for  this  work  by  dispensing  with  the  porcelain  tubing  on  the  platinum- 
rhodium  wire,  and  separating  the  wires  with  strips  of  mica.  This 
arrangement  has  considerable  advantage,  enabling  one  to  get  a  much 
better  curve ;  a  smaller  charge  of  metal  can  also  be  used.  It  is,  how- 
ever, not  advisable  to  use  the  smaller  tubes  where  a  number  of  couples 
are  to  be  calibrated,  and  where  time  is  of  importance,  as  it  is  difficult 
to  insert  the  wires  in  the  tube  and  keep  them  separated. 

Cold  Junctions. — The  other  ends  of  the  wires  were  soldered  to 
copper  wires  and  kept  at  0°  C.    The  arrangement  of  these  junctions 

^  Eimer  and  Amend,  New  York  CUy. 
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(see  Fig.  14),  was  similar  to  that  of  the  hot  junction  except  that  glass 
tubing  was  used  in  the  place  of  the  quartz  and  porcelain.  They  were 
kept  at  the  ice  point  by  placing  them  through  the  lid  of  a  double- 
walled  bucket,  which  contained  a  mixture  of  ice  and  water.  This 
bucket  was  packed  with  sawdust  between  the  two  walls. 

Metals  Used  for  Fixed  Points. — The  metals  used  for  calibrating 
the  couples  were  zinc  in  an  oxidizing  atmosphere,  melting  at  419° 
C. ;  silver  in  a  reducing  atmosphere,  melting  at  961.5'  C. :  and 
copper  in  a  reducing  atmosphere,  melting  at  1084^  C.  These 
values  of  their  melting  points  are  the  ones  found  by  Ilolborn  and  Day, 
1900,  and  are  at  present  accepted  by  the  German  Reichsanstalt.  Later 
values  found  by  Day  and  Clement  are  somewhat  lower,  being 
418.5°  ±1;  958.3  ±  .5;  and  1081.0  ±.5  respectively. ^  The  charges 
of  silver  and  copper  were  covenHl  with  powdered  charcoal  which 
was  of  a  very  pure  grade.  This  was  done  because  the  values  given 
above  for  these  two  metals  were  obtained  in  a  reducing  atmosphere. 

Other  metals  whicli  may  be  used  are  cadmium,  322°  C. :  and  gold 
1063°  C.  The  melting  point  of  cadmium  is  somewhat  low  for  a 
platinum-rhodium  couple.  Above  1100°,  nickel  melting  at  1435°, 
iron  melting  at  1505°,  and  ])latiiHim  melting  at  1720°,  may  eventually 

1  Amer.  .Tonr.  Science.  Vol.  XXVI,  Nov.,  '08. 
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be  available  for  fixed  points,  although  it  is  not  advisable  to  use  any 
point  above  the  copper  point  until  the  gas  thermometer  scale  has  been 
established  above  1100°.  A  number  of  metals  are  unavailable  for  get- 
ting a  fixed  point  on  account  of  under-cooling. 

It  is  of  importance  that  the  metals  used  for  fixed  points  be  of  the 
highest  purity,  since  any  impurity  alters  the  melting  point. 

Typical  Set  of  Readings. — Below  is  given  a  typical  set  of  readings 
taken  with  couple  F  (see  p.  10),  at  the  zinc  melting  point.  The  read- 
ings are  in  micro-volts  or  .000001  volt.  The  first  column  was  taken 
with  8  amperes  flowing  through  the  furnace.  After  the  zinc  had 
solidified,  the  current  was  increased  to  17.5  amperes,  and  as  the  zinc 
melted,  the  readings  in  column  two  were  taken.  The  readings  were 
taken  regularly  at  intervals  of  30  seconds. 

8  Amperes  17.5  Amperes 
3461  3404 

3440  3412 

3431  3415 

3430  3418 


3429 
3429 
3429 
3429 
3429 
3429 
3429 


3421 
3423 

Freezing  Point  ^^^^ 

419°  C.  ^^^^ 

3427 


3428 

3428 

3428  3429]     Melting  Point 

3428  3429)  419°  C. 

3426  3435 

3420  3460 

3414  3490 

3400 

It  may  readily  be  seen  from  these  curves  that  the  transition  points 
can  be  fixed  better  from  the  cooling  curves  than  from  the  melting 
curves,  because  the  bend  of  the  curve  is  sharper  and  the  flat  part  of 
the  curve  is  better  defined.  Hence  the  cooling  curve  is  the  one  used. 
It  is  much  more  definite  and  may  be  repeated,  while  the  heating  curve 
is  often  a  little  below  the  actual  temperature,  due  to  the  lag  in  the 
charge  and  conduction  of  heat  by  the  tubes. 
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Potentiometer  and  Galvanometer, — The  electromotive  force  of  the 
couples  was  measured  with  a  Wolff  potentiometer  and  galvanometer ; 
a  combination  of  the  compensation  and  galvanometer  methods  being 
used  (see  Fig.  17).  The  Wolff  box  was  connected  in  series  with  an 
adjustable  resistance,  E^,  of  a  little  over  5000  ohms,  and  a  single 
storage  cell.  As  the  resistance  of  the  potentiometer  was  15  000  ohms, 
the  current  could  then  be  adjusted  to  exactly  .0001  ampere.     This 


Fig.  17 


was  done  by  connecting  a  standard  cell,  (Cd.),  of  1.0197  volts,  across 

a  resistance  in  the  box  of  10  197  ohms,  and  adjusting  the  series 
resistance,  Rj,  until  the  galvanometer,  G.  showed  no  deflection  on 
closing  the  circuit.  A  reading  of  one  ohm  on  the  box  then  corre- 
sponded to  .0001  volt  or  100  micro-volts.  As  the  smallest  divisions 
of  the  box  are  0.1  ohm,  this  gave  a  sensibility  of  10  micro-volts,  or 
about  1°  C. 

The  galvanometer  ^  had  a  period  of  four  seconds  on  open  circuit 
and  a  sensibility  of  2.85  micro-volts  or  210  megohms.  Its  resistance 
was  230  ohms.  It  was  used  with  a  telescope  and  scale  at  a  distance 
of  about  150  centimeters. 

A  small  resistance.  E^,  was  connected  in  series  with  the  galvano- 
meter, and  this  was  adjusted  so  that  the  last  dial  on  the  Wolff  box 
corresponded  to  a  deflection  of  ten  divisions  of  the  scale.  This  in- 
creased the  sensibility  of  the  apparatus  tenfold,  as  one  scale  division 
thus  corresponded  to  1  micro-volt  or  about  0.1°  C.  This  adjustment 
was   accomplished   by   first   closing  the   battery   circuit,    setting   the 

»  D' Arson val  type  made  especially  for  this  work  by  Leeds  k  Northmp  Co. 
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potentiometer  on  zero,  and  short-circuiting  the  thermocouple  circuit. 
Such  a  value  of  R^  could  then  be  found  that  a  movement  of  one  divi- 
sion of  the  next  to  the  last  dial  on  the  box,  would  give  a  deflection  of 
exactly  one  hundred  scale  divisions.  Of  course  as  the  setting  of  the 
box  is  increased  or  diminished,  Eg  would  have  to  be  decreased  or 
increased  a  corresponding  amount,  to  keep  the  sensibility  constant. 

Scale  and  Telescope. — The  scale  used  with  the  galvanometer  had 
divisions  about  0.6  mm.  in  length.  One  half  of  the  scale  was  marked 
with  red  and  was  numbered  from  800  at  the  end  to  1000  or  0  at 
the  center.  The  other  half  was  black  and  was  numbered  from  0  at 
the  center  to  200  at  the  other  end.  The  galvanometer  was  so  con- 
nected that  deflections  toward  the  black  figures  indicated  an  addition 
to  the  potentiometer  reading,  and  those  toward  the  red  figures  a 
subtraction  from  it.  The  advantage  of  having  the  red  scale  read 
backwards,  that  is  from  1000  to  800,  is  that  negative  deflections  are 
already  subtracted  when  read.  For  example,  a  negative  deflection 
of  15  divisions  would  read  985.  This,  besides  being  a  great  conven- 
ience, also  reduces  to  a  minimum  the  chance  of  error  in  subtracting  the 
galvanometer  reading  from  that  of  the  potentiometer. 

Telescope. — The  telescope  used  was  a  Hartmann  and  Braun  in- 
strument with  horizontal  and  vertical  tangent  screw  adjustments. 
These  adjustments  are  a  great  convenience,  the  horizontal  adjustment 
for  setting  the  scale  to  zero  being  almost  a  necessity. 

Manipulation. — When  readings  were  to  be  taken  at  regular  in- 
tervals as  in  the  above  set,  the  current  was  first  adjusted,  as  described 
above,  by  comparison  of  the  potentiometer  with  the  standard  cell. 
The  galvanometer  was  then  short-circuited  through  the  Wolff  box  by 
the  ** double-pole  double-throw"  switch  shown  in  Fig.  17.  In  the  posi- 
tion shown,  this  switch  closes  the  main  potentiometer  circuit  with  the 
storage  cell,  with  the  right  hand  blade,  and  connects  the  thermocouple 
to  the  potentiometer  with  the  left  hand  blade.  The  pole  on  the  left 
was  shortened  so  that  the  right  side  made  contact  first,  thus  closing 
the  main  circuit  before  the  galvanometer  circuit  was  closed.  By  re- 
versing this  switch,  the  battery  circuit  is  opened  and  the  galvano- 
meter circuit  closed  through  the  potentiometer  only.  The  galva- 
nometer scale  was  set  at  zero  before  each  reading  with  this  switch  in 
the  reverse  position.  This  eliminates  errors  due  to  stray  electromotive 
forces  which  may  be  in  the  circuit.  The  switch  is  then  again  changed, 
and  the  dials  on  the  box  adjusted  until  the  galvanometer  is  as  near 
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zero  as  is  convenient.  Care  is  then  taken  to  get  the  reading  on  the 
scale  at  the  exact  end  of  the  interval,  and  adding  (or  subtracting) 
this  reading  to  that  indicated  on  the  box.  It  is  readily  seen  that  when 
using  the  galvanometer  reading  in  addition  to  that  of  the  potenti- 
ometer, it  is  more  convenient  to  have  a  box  that  may  be  adjusted  by 
steps,  rather  than  by  a  continuous  contact  along  the  winding. 

External  Influences.— Gresit  care  had  to  be  taken  witli  this  arrange- 
ment of  apparatus  to  avoid  magnetic  disturbance  and  electric  leakage 
from  the  power  circuit.  Little  trouble  was  experienced  in  cold  dry 
weather  with  electric  leakage,  but  during  the  warm  moist  weather  of 
summer,  it  sometimes  seemed  almost  impossible  to  avoid  leakage.^ 

Formula  for  Calculating  Temperature.— The  formula  which  was 
used  for  calculating  the  temperature  is  ^  =  a  -{-he  -\-ce^,  e  represent- 
ing micro- volts.  Substituting  the  values  for  t  and  e  obtained  from 
the  zinc,  silver  and  copper  points,  we  have  three  equations  as  follows : 

t^  =  a  -\-  bci  +  ce^ 

t^  =  a  +'be^  +  ce^ 

The  values  of  e^,  e,  and  e^  obtained  for  couple  F  used  in  the  thermal 
conductivity  work  (see  p.  10),  were  3429,  9101  and  10534,  respect- 
ively. Solving  the  above  equations  for  a,  &,  and  c,  and  substituting 
for  #1,  #2,  ^3,  e^,  e.,  and  Cg, 

a  =  46.41 

h  =  .11356 

and     c 1.4300  x  10^ 

The  temperatures  measured  by  this  couple  are  found  by  the  equation 
t  —  46.41  +  .11356  e  —  .00000143  e2. 

This  parabolic  equation  is  the  one  generally  accepted  at  the  pres- 
ent time  for  the  platinum  alloy  couples  when  the  cold  junction  is  at 
0°,  although  it  will  not  hold  below  250°  C,  and  can  be  used  only 
approximately  below  350°  C.  If  the  cold  junction  is  above  thp  ice 
point,  a  correction  must  be  added  to  the  observed  temperature,  equal 
to  0.5  times  the  temperature  of  the  cold  junction  in  Centigrade  degrees. 

t  z=z  t  (obs)  +  0.5  X  temperature  of  cold  junction.  The  possible 
accuracy  of  the  above  equation  is  about  0.5°  C,  between  350°  and 
1100°  C.     The  probable  accuracy  of  the  temperatures  as  measured 

^  DlBcusslon  by  W.  P.  White,  Physical  Review,  1907. 
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above  is  about  1°  over  the  same  range,  though  the  sensibility  is 
0.1°  C. 

Other  equations  have  been  offered  by  Regnault,  Avenarius  and 
Tait,  Stansfield,  and  others,  but  are  not  used  at  the  present  time. 
References  ^  on  thermal  electricity  are  given  below. 

Galvanometer  Method.— For  work  which  does  not  require  such  a 
high  degree  of  accuracy,  it  is  more  convenient  to  use  a  galvanometer 
alone  for  reading  the  electromotive  force.  With  a  galvanometer  of 
about  400  ohms  resistance,  by  taking  proper  precautions,  the  read- 
ings are  reliable  within  5°  C.  up  to  1100°  C. 

Lower  Temperatures. — For  temperatures  below  400°,  a  copper- 
constantan  couple  will  be  more  satisfactory,  as  it  has  about  four  times 
the  thermo-electric  power  of  the  platinum-rhodium  couple.  It  may 
be  used  from  0°  to  500°. 

Contamination. — Great  care  must  be  taken  to  avoid  contamination 
of  the  platinum  couples,  as  they  are  very  readily  attacked  by  metal 
vapors  at  the  higher  temperatures.  The  readings  of  the  couple  will 
be  lowered  by  contamination.  The  couple  can  be  restored  only  by 
removing  the  contaminated  portion.  With  care,  however,  contamina- 
tion may  be  avoided  and  the  readings  of  the  couple  kept  constant.  The 
two  couples  used  in  the  conductivity  work  described  on  p.  10  did  not 
change  within  the  sensibility  of  the  measurements  during  four  months 
of  almost  continuous  use. 


lA  Text-Book  of  Physics  (Watson),  p.  714. 
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